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Abstract

This survey summarizes what is known about the magnetic field of the earth.

based on information available through 1971. Observed phenomena are described

and interpreted in terms of the most widely accepted physicail explanations. An

overview of the geomagnetic field and its dynamic relationship with its terrestrial

and interplanetary environment is first presented as b- iefly as possible, followed

by more detailed descriptions of geomagnetic measurements and experimental

methods, precise current models and past behavior of the main field, regular

variations in the field resulting from the motion of the earth, disturbance varia-

tions of the field produced by the interplanetary environment, and dynamic

processes occurring in the outer magnetosphere. Extensive reference to sources

of data and more detailed publications are provided. This survey is a replacement
for Chapter 11 of Handbook of Gcophy-ics and Space Environ.ment (Sea L. 3 Vlley,

ed.), Ai. Force Cambridge Research Laboratories and McGraw-Hill Book Co.,

New York, 1965.
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Preface

This survey is a replacement for Chapter 11, "The Geomagnetic Field", of
the HAndhook of Geophysjcs and Space Environments. Air Force Cambridge

Research Laboratories anC McGraw-Hill Book Company, 1965. Numbering of

sections does not correspond to the previous numbering, so the cross-referencing
system in other chapters will not be valid. This survey summarizes what is
known about the magnetic field of the earth, based on information available through

the end of 1971 when the maniscript was written.

IV
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.1.

The Geomagnetic Field
(A Revision of Chapter 11, Handbook

of Geophysics and Space Environments)

11.1 INTRODUCTION

11.1.1 Historical Perspective

The existence of the geomagnetic field has been recognized for a very long

time. The usefulness of a magnet as a directional reference was probably known

in China more than 1000 years ago and in Europe at least 800 years ago. As early

as the 15th century, the earlier belief that a compass needle points true north was

found to be incorrect, and mariners and mapmakers took account of this. Recorded

measurements of the magnatic declination (the deviation of the compass from true

north) at various locations on the earth date back to the early 16th century, which

also saw the discovery of the magnetic dip (the deviation of a compass needle from

horizontal when unconstrained). Although experiments with magnets had been

carried out since the 13th century, the concept that the earth itself is a magnet was

nut advanced until the end of the l6th century, by Gilbert. From these beginnings,

geomagnetism, as a branch of science, was developed. It was first assumed that

the magnetism of the earth was like that of a solid permanent magnet, and it was

therefore expected to be constant in the absence of major geological changes, but
this view was soon proved wrong; the secular variation (changes in the field over

time intervals of years or centuries) was discovered in the 17th century. Transient

(,0flreved for pu'bliu•Liun 22 September lu9z7
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variations of the field (geomagnetic disturbance) were observed during the 18th

century. and geomagnetism was increasingly appreciated to be a dynamic phenom-

enon. By the early 19th century, a large number of magnetic observatories had

been established, both in European countries and in the distant lands of their

empires. Through coordinated measurements by many stations, the geographic

dependence of some geomagnetic phenomena was discovered and the worldwide

nature of major disturbances was established. The increasing volume and preci-

sion of accumulated data made discouragingly clear how complex were the phenom-

ena being studied. Increasing international cooperation included investigations

during the first International Polar Year (1882-1883). By this time, the correla-

tion betweer the 11-year periodicities of sunspot occurrence and geomagnetic

phenomena had been noted. Early in the 20th century, the intimate connection

between solar and geomagnetic phenomena was further established by the correla-

tion of recurrent disturbances with the 27-day solar rotation and, later, by the

correlation of magnetic storms with solar flares. However, the most important

connection, the fact that the geomagnetic field interacts with a contin,,ous stream

of solar plasma, was established only within the last ten years. As a result of

satellite investigations, these recent years have seen drastic revisions in many of

the fundamental concepts of geomagnetism.

11.1.2 Current Perspective and Scope

It is clear from this brief historical account that, while the dynamic nature of

the geomagnetic field has long been appreciated, the basic outlines of a unified

explanation of geomagnetic phenomena have been rather obscure almost to the

present time. This was so, of course, mainly because the generating processes

take place either deep inside the earth or high in space, while experimental

measurements could be made only on or close to the surface of the earth. Now,

in the last decade, a picture has emerged in which the geomagnetic field is seen as

a complex feature of the planet interacting with its environment in the solar system.

Rigorous theoretical treatment and important detail are still lacking for some por-

tions of the picture, and even some of the basic concepts are not firmly established.

However, there is sufficient agreement and consistency to justify basing the present

discussion on this picture, placing less emphasis on the traditional ground-based

description of The field.

The complexity of the geomagnetic field, extending over large regions of

space, entering into many types of interactions, and intruding into a variety of

disciplines from geology to plasma physics, suggests that a brief review of the

entire field might be of questionable value because of the omissions and over-

simplification which would be necessary. Against this difficulty, however, is
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weighed the desirability of presenting a unified physical picture to clarify the rela-

tionships which exist between geomagnetic phenomena of vastly differing type,

magnitude, and location. Therefcre, the following sections are intended to summa-

rize for the nonspecialist the current understanding ir most of the major areas of

geomagnetism, with emphasis on providing the simplest possible explanation of the

physics involved. Discussion of fundamentals and clarifying description have been

included, while most rigorous mathematical theory has been omitted. Similarly,

the space limitation has permitted reproducing only a few of the quantitative

numerical and graphical data which should be included in a handbook, and, of the

tables and charts included, most are intended for illustrative purposes rather than

reference use. To compensate, references are given to more detailed reviews and

data sources, along with information on the availability of these.

11.2 A SUMMARY OF CURRENT UNDERSTANDING

The material of this section presents a broad and somewhat simplified over-

view of the geomagnetic field by listing and discussing briefly the processes which

contribute significantly to the static and dynamic nature of the field and indicating

how these processes are related in a umified picture of geomagnetic phenomena.

Terminology, conventions, coordinate systems, and units are introduced. Important

phenomena and processes are taken up again in greater detail in subsequient sec-

tions.

11.2.1 Physical and Geometric.Temporal Descriptions

Theory, in attempting to account for the geomagnetic field in terms of physical

processes going on within the earth, the magnetosphere, and the interplanetary

environment, leads to a physical description of the field. To the extent possible,

such a description is presented here. Experiment, on the other hand, most often

produces measurements nf the field which constitute a geometric-temporal de-

scription. Recognizable characteristics of data (taken as a function of location and
time. with varying frequency response) are usually assigned a terminology or

otherwise classified long before they can be attributed to specific physical causes,

since the latter is often accomplished only with difficulty and after repeated

attempts. Therefore, the two descriptions are always mixed in the literature, and

they are mixed in the following discussions; it must be kept clearly in mind whether

the discussion and terminology relate to a physical or to a geometric-temporal

description.



11.2.2 Unitm, Terminology, and Conventions

The geomagnetic field is characterized at any point by its direction and mag-

nitude, which can be specified by two direction mlgles and the magnitude, the

magnitude of three perpendicular components, or some other set of three inde-

pendent parameters. Angles are commor.ly measured in degrees, minutes, and

seconds. The magnitude is usually given in units of oersted (magnetic intensity)

or • (magnetic induction). Since the field •s less than one oersted everywhere,
the unit gamma is often used; one gamma equals 10-5 oersted or 10-5 gau•s, being

used interchangeably for intensity and induction. Some of the angles and compo-

neuts commonly employed are shown in Figure 11 - I. Standat-d terminology is as follows,

The vector geomagnetic field is the vector •. Its n•agnitude F is called the total

intensit• or the total field. The magnitude H of the horizontal component vector ]c[

is called the horizontal intensity; the magnitude Z of the :-c•ic-al o,,mponent vector

•" is called the vertical inter.sity. The northward, eastward, and downward compo-

nents of the field are designated by the magnitudes X, Y, and Z, respectively, the

Cartesian components of the field. The magnitude D of the angle between•and IT is

called the declination, the.magnetic variation, or the variation of the compass. The mag-

nitude I of the angle between • and P is called the inclination or the di_ p_. The

f.÷

Pigure 11-1. Definition and Sign
Convention for the Magnetic
Elements

"•. | f•f

f
Z N •.,j. i

÷ F,. total field
H: horizontal c•.;nnpoment
X: northward component
Y: eastward component
Z: vertical component
O: declination
[: inclir•at ion
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quantities F' H, X, Y. Z, D, and I are called magnetic elements. The sets of ele-
ments used most commonly to specify the field are (H. D. Z); (F. I. L); and CK.

adangles being positive as drawn.

Anumber of coordinate systems have been employed in the description of

georagneic penomna.Four of the most useful are the geographic, geomnagnetic.

solar -ecliptic, and solar-magnetospheric systems. They are sh3wn in Figure 11-2

Geographic Geomnagnetic
iZ iz Z g eo~rhc

n. r pole

-L magnet;c
M0f- colatitude colatitude
*0

- 1'

GreenwichI

east ongitde ~magnetic longitude

Solar- ecliptic Solar -magnetospheric

.* Zse 4 Zsm
0.

o dipole
axis

\0
NO

Figure 11-2. Coordinate Systems Useful in Geoinagnetism
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and are dtfined as follows:

A geographic coordinate svstem, is one which is fixed with respect to the

rc.tating earth and aligned with the axis of rotation. Most commonly used are the

spherical polar coordinates r, 9, and p. where r is geocentric distance, 6 is

colatitude (measured from the north geographic pole), and cp is east longitude

(measured from the Greenwich meridian), with the earth assumed spherical. Some-

times altitude (above the surface of the earth) is specified in place of r, north or

south latitude is specified in place of e, and west longitude is specified in place of

p for values greater than 180 degrees. (Care is necessary in using geodetic

coordinates which are defined relative to the nonspherical earth ellipsoid.)

The geomagnetic coordinate systenm is also a spherical polar system fixed

relative to the earth, bit the polar axis is the axis inclined 11.5 degrees to the

axis of rotation, intersecting the earth surface at the point 78.50N, 291.0 0 E, which

is the geormanetic north pole. As detailed below in Section 11.4.2, this is the axis of

the best centered-dipole approximation to the fivld. Geomagnetic coordinates r,

em and •n (and geomagnetic !atitude and longitude) are defined by analogy with

geographic coordinates, with om (or geomagnetic longitude) measured from the

American half of the great circle which passes through both the geographic and

geomagnetic poles (that is, the zero-degree geomagnetic meridian coincides with

291.O0E geographic longitude over most of its length).

The solar-ecliptic coordinate system is a right-handed Cartesian system with

coardinates x se, Yse' and z s, and the center of the earth as origin. The positive

x se axis is directed toward the sun. The z se axis is directed toward the northern

ecliptic pole, so both the x and y axes lie in the ecliptic plane. This systemecpt pI• s bthth se Yse

therefore rotates slowly in space with the orbital period of the earth. In this

system, field vectors are often resolved into two camponents, one lying in and the

other perpendicular to the ecliptic plane; the direction of the former is specified

by the angle cp between it and the xse axis (positive counterclockwise when viewed

from tht rthern pole). The direction of the total fie'd is specified by P and 0.

where e is the angle between the vector and the eclhpt-c plane (positive northward).

This system is particularly usef i1 for referencing data from interplanetary space,

such as measurements of the "ndisturbed solar wind and the interplanetary mag-

netic field.

The solar-magnetospheric coordinate system is also a right-handed Car-tesian

system, with coordinates xsm, Ysm' and zsm and its origin at the center of the
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earth. The positive x srn axis is also directed toward the sun. It differs from the

solar-ecliptic system in that the zsm axis lies in the plane eontaining both the

x axis and the geomagnetic dipole axis defined above. The system therefoream
not only rotates with the orbital period of the earth but also rocks back and forth

through 23 degrees (a rotation about the x sm axis) with a period of one day. This

system is particularly useful for referencing data from distant regions of the

magnetosphere, since time-dependent features which result from the con.ical

motion of the dipole axis are, to a large extent, eliminated; chat is, to a first

approximation, the entire magnetosphere, in its main features, may be expected to

rock back and forth in this way.

In addition to strictly spatial coordinate systems, several so-ca' '2d magnetic

systems have been found useful in studying the motion of charged particles trapped

in the magnetic field; these coordinates generally locate particles by reference to

surfaces on which some magnetic parameter is constant, and since -..lost particles

are strongly controlled magnetically, a great simplification of tle data often re-

sults. Most widely used is the B-L coordinate s-stem of McIlwain; as shown in

Figure 11-3, surfaces of constant B (magnetic field intensity) are concentric,

roughly ellipsoidal shells encircling tile earth, while surfaces of constant L (a

magnetic parameter) approximate the concentric shells generated by dipole field

lines rotating with the earth. The mathematical definition of L arises from the

equations of motion of particles in -he field; to some degree of approximation,

particles move to conserve three adiabatic invariants, to which B and L are simply

related. Since these coordinates are more useful to the study of trapped particles

than to the study of the field itself, the reader is referred to standard tex:s on

trapped-particle physics for i. complete discussion (for example, see Chapter 2 of

Hess [19681].

11.2.4 Sotorces of the Field

In considering a physh-1l description of the field, a useful point of view to

adopt is that of energy balance. A static field represents an energy density B 2/877,

and any change in the field implies a transfer of energy to or from the field.

Understanding che field therefore implies identifying the energy sources and the

causative physical merhanisms through which this energy generates (or is gener-

ated by) the field. Except in the case of permanent residual magnetism, a mag-

netic field is generated onlyby the macroscopic motion of electric charge, so the final

step in any physical process affecting the field will involve electric currents, though

the energy driving the currents may be drawn from various sources. At present.

the terrestrlal and extraterrestrial sources known to contribute 2,1preciably to the

geomagnetic field are the following:
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-90 -60 .... 30
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Figure 11-3. The 13-I. Coordinate System. The curves are the
intersection with a magnetic meridian plane of surfaces of con-
stant B3 and constant L. The departure of these curves, plotted
for a dipole field, from those of the actual field is too small to
be apparent in a figure of this scale

Core M•otion. Convcctivc motion of the condueŽtitig fluid cure of the earth

constituf es a self-exciting dynamo.

Crustal Magnetization. Residual permanent magnetism exists in tK:• czust

of the earth.

Solar Electrnmagnetie Radiation. Atmospheric winds produced by solar

heating move charged particles produced by solar ionizing radiation,

constituting ionospheric currents which generate a field.

Gravitation. The gravitational field of the sun arnd moon produces a tidal

motion of air masses which generates a field in the same way as does

the air motion from solar heating.
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Solar Corpuscular Radiation. A number of field contributions arise directly

or indirectly from the interaction of solar plasma with the main field;

important effects include compression of the main field by external

plasma pressure, the intrusion of solar plasma into the main field, and

the heating of plasma already within the field.

">iar Interplanetary Field. This field is relatively weak, but at large dis-

tances from the earth it has a major effect on the interaction of the solar

plasma with the geomagnetic field.

There are a number of other obvious possible sources which, in fact, do not con-

tribute appreciably; examples are the earth's mantle and energetic cosmic ray:.

11.2.5 The Steady Field

A geometric-temporal description of the field is constructed from measure-

ments made by observatories, stations, ships, rockets, satellites, etc., all of which

are restricted in geometric coverage (geographic or spatial location) and temporal

coverage (time period and frequency response). Observed phenomena tend to be

classified accordingly. The traditional classification by frequency is very useful

and is retained here.

The steady (nonvarying or dc) component of the field may be considered first.

Although it is true that the entire field has been varying drastically over geological

time scales, that portion which varies with periodicities greater that. about a year

is customarily considered to be the steady field, while the remainder is considered

the variation field.

Most of the steady field arises from internal terrestriaI sources (that is, below

the surface of the earth, but excluding currents induced in the earth by extcrnal

current systems) and is known as the main field. This field results primarily from

convective motion of the core and is approximately of dipole configuration, having a

strength at the surface of the earth of a fraction of an oersted. The dipole is cen-

tered close to the geographic center of the earth, with its axis inclined about 11,5

dcgrcc.s to the axis of rotation. About ten percent of the main field, often termed

the residual field, is nondipolar; it consists of both large-scale anomalies (up to

thousands of kilometers), believed to be generated by eddy currents in the fluid

core, and small-scale irregularities (down to ten kilometers), arising from 1esi-

dual magnetism in the crust. Changes in the main field, the so-called secular

variation, are slow, with time constants of tens to thousands of years.

If the earth were in a perfect vacuum, its dipole field would extend outward

without limit, merging smoothly with the fields of the sun and other planets in a

simple additive fashion, the field strength declining inversely with the third power

of the geocentric distance. However, interplanetary space is not a vacuum but is
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filled with the ionized corona of the sun, the solar wind, which flows continuously

outward past the planets. On a quiet day, near the earth, this plasma typically

has a density of a few ions/cm and a velocity of about 400 kin/sec. An important

feature of the plasma is its high electrical conductivity. One result of applicable
theory is that the magnetic field will be "frozen into" such a plasma; that is, the

ions, electrons, and magnetic field will move together as a compressible fluid

medium. When such a moving fluid encounters a stationary entity with which it

can interact, such as the geomagnetic field, one or the other will be deflected,

swept away, or otherwise modified by the collision. The total pressure of the solar
wind is the sumn of the pressure exerted by the momentum of the particles and the

Maxwell pressure B 2/81, of the frozen-in field. The geomagnetic field also con-
tains highly conductive plasma, and this medium similarly sustains a pressure

equal to the sum of the ambient-plasma and Maxwell pressures. When the pres-

sures of the interplanetary medium and the geomagnetic field are compared, it is

clear tht at great distances the geomagnetic field will be swept away by the solar

wind and that close to the earth the wind will be excluded by the field. At inter-

mediate distances there must exist a region of interaction where the pressures

are comparable and where rather complicated featureb may be expected. In the

last decade, satellite experiments and theoretical development have discovered and

clarified the principal features of this interaction. Some of them are illustrated in

Figure 11-4. (In this figure and much of the following discussion, the 23-degree

tilt of the rotational axis and the 11.5-degree tilt of the dipole axis have been
neglected for simplicity. ) The field of the earth extends to about 10 B geocentric

e
distance toward the sun (R being a unit of length equal to the radius of the earth),

c
at which distance it terminates abruptly in a thin layer known as the marnetopause.

The region interior to this layer is known as the magnetosphere. The region ex-

tenrior to it contains the solar wind, which is "piled up", that is, compressed,

deflected, heated, and made turbulent by the collision. These effects propagate

some distance upstream, with the result that the wind is slowed over a distance of

a few Re. Since the velocity of the undisturbed wind is "supersonic", there exists

a surfdce at which the velocity is just "sonic", and a stationary shock front, tile

bow shock, is created. The mag-netopause is typically at about 10 Re and the bow

shock at about 14 Re on the sun-earth line. The region between these is called the

magnetosheath. In the plane of the dawn-dusk meridian, the solar wind exerts less

pressure on the magnetopause because of its oblique incidence, and the magneto-

pause and bow shock typically intersect this plane at about 14 and 21 R respec-e
tively. Field lines from the high-latitude (polar-cap) regions are swept back

toward the night side and form a long geomagnetic tail. Although it might be ex-

pectec that solar-wind pressure perpendicular to the direction of its bulk flow

should close the magnetosphere within a few tens of earth radii behind the earth,



this is not the case; the combined pressure of ficld and plasm~a within thle tail is

sufficient to prevent c'losinlg, and the tail has been observed at a distance of more

than 1000 I e behind the earth. It might alao be expected that the north polar field

lines (at least the more dAghtward of them) would be connected to the corresponding~

south polar field lines, crossing the equatorial plane smoothly within the tail, but

this too does not happen, ti.ese field lines are also drawn out into thle tail, directed

toward the earth above the plane and away from the earth below it. Thus, in the

tail (beyond a geocentric distance of about 10 R e) thle equatorial plane (neglecting

tilts) is a sort of neutral sheet. across which there is an abrupt field reversal.
(This is, in fact, only approximately true; the component perpendicular to the

neutral sheet is not quite zero.)

...........
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A surface of discontinuity in the magnetic field implies the existence of a
current flow in the surface, and the current pattern can be inferred from the field.

On the sunward magnetopause the flow is characterized by an eastward current
sheet (dawn-to-dusk) across the nose (subsolar point) of the magnetosphere. hi

the neutral sheet the flow is westward across the tail (also dawn-to-dusk), with
return loops on the tailward part of the magnetopause. These currents are shown

schematically in Figure 11-5. (The composite magnetopause current is not s.,uWn.)

Ni

C,
~c /

Figure 11-5. Flow Patterns of the Two Current Systems Which Deter-
mine the Configuration of the Magnetosphere. The Chapman-Ferraro
current JCF confines the field on the sunward side, and the tail current
JT produc~es the extended geomagnetic tail [adapted after Axford,

19651

The current systcm of the magneh~paus• acts to cancel the dipole field outside
and enhance the field inside the magnetopause. This is equivalent to a compression
of the geomagnetic field by Phe cavity to which it is confined. Because the caity

almost totally surrounds the earth, the field is compressed on all sides, but since
the tail is open and the highest pressure is on the nose of the cavity, the compres-
sion is somewhat less on the night side. The compression results in an average
increase of the equatorial surface field of about 0.1% (about 30 gammas); just inside
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the magnetopause the increase is 100% (which 1N about 30 gammas when the mag-

netopause is at 10 Re but about 60 gammas if it has been pu;hea in to 8 Re). About

a third of the surface increase results from diamagnetism in the solid earth.

The steady field, then, consists basically of the main field of the earth corn-

pressed by the cavity to which it is conifined. In addition, each of the time-varying

field contributions discussed below is also (like the magnetopause current) likely

to have an average dc value which may be thought of as part of the steady field,

but at present such distinctions are not often useful nor made. For example, con-

vection of the outer magnetosphere and the flowing of a ring current are pro-

cesses which continue even on the quietest days, but their quantitative contribu-

tions to the steady field are small and not well established.

11.2.6 Quiet Variation Fields

The earth, with its core, atmosphere, and main field, rotates in the inter-

planetary environment and moves along its orbit so that any point stationary in

geographic coordinates experiences periodic variations in gravity force, solar

illumination, and compression or other modification by solar-wind effects. The

field contributions which result fr.im these motions vary diurnally and seasonally.

Field contributions which vary this slowly and regularly and do not result from

disturbances in the interplanetary environment are known as quiet variation fields.

The analysis of experimental data to determine the quiet variation fields, is, of

course, difficult in the presence of magnetosdheric disturbances, and criteria for

sepaLatinig field cuntrib&ttions are somewhat arbitrary and subject to personal

judgment. These fields were originally defined on the basis of data taken during a

few quietest days per n.-ith, but with better understanding of magnetospheric dis-

turbance, improved measurements, and an awareness that quietness is only rela-

tive (any day being only more or less disturbed), it is now more common to con-

sider them in an idealized sense as being those variations which would exist if the

earth were subjected only to an absolutely quiet external environment.

Quiet variation fields include several contributions. The so-called Sq (solar

quiet) variation field results almost entirely from solar electromagnetic radiation,

which heats and ionizes the atmosphere, producing co.nvective flow 4nd high con-

ductivity in the ionosphere; this motion of a conducting fluid in the presence of the

main field generates currents which produce the field. The Sq field at most sur-

face locations has a peak-to-peak amplitude of several tens of gammas. Similarly,

the tidal flow of the atmosphere arising from the luni-solar gravitational field

generates currents which produce the so-called L (lunar, daily) variation field,

which has an amplitude at the surface of a few gammas (about a tenth that of the

Sq field). Another contribution resilts from the confinement of the main field by
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the solar wind; since this compression is stronger on the day side than on the night

side, there is a diurnal variation; its amplitude is also a few gammas at the sur-

face, while in the more distant regions of the magnetosphere it is, of course,

dominant, completely altering the field configuraiion. However, in discussing these

distant regions, it is common to employ a coordinate !:ystem (such as solar-

magnetospheric coordinates) which does not rotate with the earth, and most of the

diurnal effect is eliminated.

Quiet variation fields are discussed in Section 11.5, which, for both historical and

practical reasons, retains a ground-basid perspective.

11.2.7 Disturbed Variation Fields

Variations in the geomagnetic field which do not have a simple periodicity and

which appear to result from changes in the interplanetary environment are termed

disturbed variation fields or geomagnetic disturbance and are denoted by D. The

D field is that remaining after the steady and the quiet variation fields have been

subtracted from the total. Large disturbances of relatively long duration, the be-

havior of which suggests some magnetospheric event as the cause, are termed

geomagnetic storms. Except for some fluctuations attributable to irregular motion

of the upper atmosphere, the sun is responsible for all disturbance effects recog -

nized at present, and, with only two exceptions, it is the solar wind, with the

frozen-in solar magnetic field, which transmits the disturbance to the viCinity of

the earth. The two exceptions are disturbances associated with solar flares:

polar-cap ahsorptita events (PCA) result from low-energy protons from the flare,

and so-called solar flare effects (SFE) apparently result from X-ray emissions

from the flare. Both affect the field by enhancing ionospheric conductivity; they arc

discussed in Section 11.6.5.

Historically, the disturbance field has been studied by ground observation, with

the hope of separating the observed surface field into components which could be

explained in terms of current systems above the earth. A useful geometric-

temporal distinction has been the separation of the component which depends only

on univcrsal time (UT) fr-m that which depends on local time (LT); the former,

usually called the storm-time variation and denoted by Dst, is symmetric about the

polar axis, while the latter, called the disturbance-daily variation and denoted by

DS (or Ds), is asymmetric. Then D = Dst + DS. The component Dst was

attributed to a ring current encircling the earth a few earth-radii above the equa-

tor, while DS was attributed to ionospheric currents generated by auroral particles

precipitated from the ring current. Although better knowledge of the magnetosphere

has made clear that ionospheric and magnetospheric current systems are intimately

related, this separation is still useful. Other separations have been made or
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proposed, usually relating to a physical rather than a geometric-temporal descrip-

tion and often applicable only to a specific theoretical model- Many are currently

in use in the Literature, but it is likely that they will be revised as the description

improves.

Apart from the exceptions noted, geomagnetic disturbance results from the

interaction of the solar wind with the geomagnetic field. Some minimum level of

disturbance might be expected to result from turbulence generated by instabilities

in the flow of plasma around the magnetosphere, even if solar-wind properties were

absolutely constant. However, the usual disturbance phenomena, having charac-

teristic times of minutes to days and observable in ground-oased measurements of

the field, result from variations (often abrupt) in one or more of the solar -wind

parameters, for example, the density or velocity of the plasma or the direction or

intensity of the interplanetary field. The larger events are called geomagnetic

storms, and although phenomena vary greatly from storm to storm, the average or

typical behavior (the "classic" magnetic storm) may be described. It is likely that

the classic storm involves all or most of the processes which contribute to any

magnetic disturbance and that the different types of events which have been dis-

tinguished and described in the literature are members of a single family. An

understanding of the classic storm, which stands out above the background of ever-
present smaller disturbances, is therefore likely to explain most other disturbance

phenomena as well.

The progress of a storm is most clearly observable in recrdings of the sur-
face field (magnetograms), particularly of the horizontal component. Figure 11-6

shjws the average behavior of the horizontal components of Dst and of the daily
range of DS for 346 magnetic storms observed at 300 geomagnetic latitude. The

classic storm begins with a sudden commencement (ssc or SC), which (at low-

latitude observatories) is an impulsive increase in 11, typically having a rise time

of one to six minutes and an amplitude of several tens of gammas. (The ssc is not

observable in Figure 11-6.) The ssc is observed over the entire earth with a

spread in arrival time of less than one minute and, depending on location and the

particular storm, may be positive, negative, double-valued, or absent entirely. It

is apparently caused by the impact on the magnetosphere of a discontinuity i-. the

solar wind, normally a sharp increase in pressure, which compresses the magne-

tosphere more strongly. The rise time of the observed surface-,ield increase is

the time required for the discontinuity to reach all points of the magnetopause and

to be transmitted to the ground as a hydromagnetic wave. An event of this type
which is not followed by the later phases of a storm is called a sudden impulse (SI).

The initial phase of the storm follows the ssc and typically lasts two to eight hours,

during which the field remains compressed by the increased pressure behind the
discontinuity. Tne initial phase is terminated by the main phase, seen at low
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latitudes as a rapid decrease in the field to values below the prestorm level; the

main-phase decrease often approaches or exceeds 100 gammas, developing over a

period of a few hours to a day. It is characterized by noise (large fluctuations with

a broad spectrum of rise times) and an asymmetry in local time, often developing

first in the afternoon-evening sector. It represents an expansion or inflation of

the field by a ring current (of charged particles trapped in the field), which must
arise either from the heating of plasma already trapped or from the injection of

new plasma. The recovery phase, which follows the main phase, consists of a

quiet increase of the field toward the prestorm value. The recovery often pro-

ceeds more rapidly at first than later, suggesting that more than one process is

involved. The recovery typically has a characteristic time of about one day, but it

may take much longer. Recovery results from the termination of the process

supplying the heated plasma and a cooling (or removal) of the plasma which had

inflated the field. Geomagnetic storms are discussed more fully in Section 11.6. 1.
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Figure 31-6. Characteristic Development of the Classic Geornag-
netic Storm, as Shown by the Storm-Time (Mst) and Disturbance-
Daily (DS) Variations at Low Latitudes. Averaged for 346 Storms
[after Sugiura and Chapman. 1960]
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Because the magnetosphere is an elastic entity, its dynamic behavior includes

oscillations, especially during magnetic disturbances. Periodic and aperiociic field

fluctuations with frequencies covering nearly 8 decades (10-3 to 105 Hz) have been

observed. In the lower frequency range (. 0016 to 5 Hz) they are called micropul-

sations. Rapid fluctuations are discussed in Section 11.6.4.

11.2.8 Other Magnetospheric Phenomena

In the magnetosphere, particle and field phenomena are intimately related.

Magnetospheric processes typically involve the transfer of energy back and forth
between the magnetic field, electric fields, and charged-particle populations, and a

determination of how much energy resides in each depends, of course, upon the

choice of coordinate system. Therefore, it is impossible to study the magnetic

field without considering the nature of electric fields and the behavior of charged
particles. Even when these do not enter appreciably into the energetics, they serve
as useful diagnostic indicators.

Auroras are the visible result of the precipitation of charged particles into the

atmosphere. The motion of the particles is strongly controlled by the magnetic
field; some aurora] particles result from the release of normal trapped partIcles

by scattering or field changes, but most must be guided by the magnetic field into

the atmosphere from a newly introduced population. Visible and nonvisible radia-

tion results following the excitation of atmospheric constituents by the charged
particles. Although there is always some precipitation of auroral particles, active

auroral displays are intimately associated with geomagnetic disturbance. Energies
of auroral particles typically range from less than one to more than ten keV. The

total energy expended around the world in auroras is signific4nt, the average being

about 1018 ergs/sec or one percent of the total energy of the solar wind which
collides with the magnetosphere. In large auroral events a considerably higher

percentage is expended.
Trapped radiation, almost entirely protons and electrons, is a constant feature

of the inner magnetosphere. Particle energies extend upward (with decreasing

intensity) to tens and hundreds of MeV. The more energetic particles often have
long trapping lifetimes and a fairly constant intensity, but their energy density is

small compared with that of the magnetic field which holds them and their impor-

tance in geomagnetic phenomena is therefore relatively minor. Populations of

charged par'ticles with energies less than 100 keV are important, however. They

have a much greater density and variability, their energy density is often appre-

ciable compa.'ed with that of the field, ; na their encigies are comparable with

electric-field potential3 which can exist over megnexospheric dimensions. The

magnetic-storm ring current (that is, the plasiia which inflates the field during the
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main phase of a storm) consists of protons and electrons with energies of the order

of tens of keV.

Thermal plasma surrounds the earih from ionospheric altitudes outward to

about 4 or 5 Re (on the equator) where the density typically suffers F fairly sharp

decrease by about two orders of magnitude. The surface on which this occurs is

shaped like a magnetic shell, but with a characteristic deformation; it is known as

the plasmapause. (See Figure 11-4.) Its location clearly is. intimately related to

the pattern of convection of the magnetic field in the inner magnetosphere. The

concept of convection is a useful one. It may intuitively be considered to be the

motion, as a fluid, of the field lines and the particles confined to them; the motion

is perpendicular to the direction of the field, the lines not remaining anchored to

the earth.

Picturing the magnetopause as a surface which rigorously confines the geo-

magnetic field and excludes the interplanetary fi2ld is an oversimplification. Be-

cause geomagnetic disturbance is observed to be dependent on the direction of the

interplanetary field in the solar wind, it is apparent that some reconnection of geo-

magnetic and interplanetary field lines occurs across this surface. This permits

solar particles to enter the magnetosphere, a process which is observed to occur.

Particles can also enter at the two neutral Lines on the sunward portion of the

magnetosphere, where the lower-latitude dipole-like field lines turn one way and

polar field lines forming the geomagnetic tail turn the other, making the field

tangential to the magnetoDause zero. Field-linc reconnection at the niagnetopause
is discussed in Section 11.7.2.

The existence of ele'tric fields in the magnetosphere, with strengths as high as

100 mv/m or more, has been observed experimentally, and electric fields are re-

quired for any theory of innospheric c,'rr,?nts and convectior of the magnetic field.

Outside the magnetosrhere, the sweeping of an interplanetary field TT past the

earth by a sol-.. wind of velocity 7 implies that an electric field r = - (_v X -9)/c

will be observed in a coordinate system fixed at the earth. Electric fields are of

great importance both energetically and as diagnostic indicators.

The dynamic behavior of the magnetosphere is complex, and a unified picture
of the many processes involved is only boginning to emerge. Most of the processes

and phenomena noted above are highly interdependent. Because of such properties

as the high conductivity along field lines and the high speed of hydromagnetic -wave

propagation, effects of a process at oi.c location propagate easily to distant regions,

often causing a very different process to occur there. For example, the Sq electric

field, produced by an ionospheric dynamo, propagates througnout the magnetosphere

where it results in convection. But the reverse is also true; convection driven by

another source implies electric fields which are transmitted to the ioncspnlere,

contributing to the Sq currents. Correctly identifying the actual situation is difficult.
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Throughout most of the magnetosphere, the magnetic ficld, electric fields, and low-

energy-particle populations are in constant interaction, being required to satisfy

Maxwell's equations and the resulting laws of magnetohydrodynamics. This inter-

dependency of phenomena must be borne in mind in the discussion of individual

processes below.

11.3 MEASUREMENTS OF THE GEOMAGNETIC FIELD

Geomagnetic phenomena, discussed in the preceding and following sections in

terms of theor.tical explanations, are studied experimentally through data obtained

by ground stations, ships, aircraft, and space vehicles. Since experimental data are

cften pert' ient to more than one area of study, this section identifies and reviews

major sources, noting experimental techniques, accuracies, geographical and tem-

poral coverage, and availability.

11.3.1 Instrumentation

Instruments used over the past several hundred years to measure the intensity

and direction of the magnetic field have been few in number and simple in principle.

However, during the past century they have been made very reliable and fairly pre-

cise. Although greater precision and sensitivity were needed earlier, major devel-

opments of new instruments came only in the past 25 years, partially because the

older instruments were not adaptable for use on rockets and satellites. The princi-

pal instruments currently in use may be listed as follows.

Ground-based instruments exploit several physical principles. Several are

based on the alignment or oscillation of a permanently magnetized needle iu, the

field: these include the compass. dip circle, and magnetic theodolite, which mea-

sure D, I. and IL respectively, the three elements usually measured at observa-

tories to determine the field. Several others rely on the induction of a voltage in a

coil of wire. The coil may be rotated in the field as in the dlip inductor, or may be

fixed, as in the induction coils of large area used to measure micropulsations. Two

widely used magnetometers are based on the canceliationt of a coizputnent of the

earth's fieid by the known field, of an electromagnet; these are the H-magnetometer

of 9chuster and Smith and the Z-magnetometer of Dye. To these older instruments,

there have been added more recently several instruments based on atomic reso-

nance techniques, the proton precession (and proton vector), rubidium-vapor, and

helium magnetometers, as well as instruments which exploit the saturation charac-

teristics of a ferromagnetic core, the fluxgate or saturable-core magnetometers.

Satellite and rocket measurements currently rely mainly on the rubidium-vapor,

search-coil (that is, induction-coil), and fluxgate magnetometers. These have the
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inherent characteristics oa small size, low weight, modest power requirements,
and an electrical output signal which is easily telemetered, and reliable and pre-

cise versions for satellite use have been developed over the past decade, Since
most older observatory instruments are read optically or require mechanical
adjustment during use, adapting them for satellite applications would entail un-

warranted complexity.

Two magnetometer types which have not yet been developed for geomagnetic
work are those based on the Hall effect and electron-beam deflection. Two indirect

methods of studying the geomagnetic field are the measurement of the electron
cyclotron frequency of particles trapped in the field and the measurement of
telluric currents.

A brief description of these instruments and methods follows. The observa-

tory instrument used to measure declination is essentially a compass. The needle
is suspended by a fiber at a point displaced from its center of mass enough that

the dip is counterbalanced and the needle is horizontal. The fiber can be turned to
remove almost all torsion: an unmagnetized needle .is used to check this condition,
and residual torsion is corrected for by extrapolating readings for two or niore

needles of differing moments. With care and skill, the uncertainty can be less than
10 seconds of arc.

The cnrretpondinp instrument for measuring inclination is the dip circle, which
consists of a magnetized needle lying in the plane of the magnetic meridian and
pivoted about a horizontal axis through its center cf mass. Precision scales and
appropriate optics facilitate reading the angle of the needle, and several procedures
are followed to correct for instrumental errors, but the mcasurement is inherently
less precise than the declination measurement.

The classical method of measuring the horizontal intensity H is the so-called

oscillation and deflection experiment, which consists of two separate measure-
ments made with a single standard magnet of moment M. In the oscillation n ea-
surement, the magnet is suspended and allowed to oscillate horizontally about the

magnetic meridian. The period T is measured uid the product HM is found from
412 2the equation HM = Or21/T , where I is the moment of inertia of the magnet. Both

M and H are presumed to be unknown. In the deflection experiment, a magnetic

theodolite, shown schematically in Figure 11-7, is used. Two arms and a tele-
scope, spaced 90 degrees apart, can be rotated together about a vertical axis on
which a magnetized needle is suspended horizontally. The angular position of the

needle axis is read by aligning the telescope axis with it (using the reflection of
telescope cross hairs in a mirror attached to the needle), both with and without the

magnet in position on one of the arms (its magnetic axis directed toward the

centrr). The difference is the deflection 4. The quotient HIM may be computed

from the equation H/M = 2K/(r 3 sin cp ), where r is the distance between centers of
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the magnet ard needle and K is the so-called deflection constant of the magnet.

From the values of the product and the quotient of the two unknowns obtained by

the two experiments, the horizontal intensity may be computed: H = [(HM) X

(H/M)] 1 / 2 . With care, H can be measured with an uncertainty of less than 1 gamma.

Because jf the poor inherent precision of the dip cIrele, the dip inductor is

now more commonly used to measure inclination. This instrument is simply a

flat many-turn coil of wire which can be rotated about one of its diameters. With

the coil rotating, this axis is adjusted so that the induced voltage is zero, indicating

that the axis is aligned with the field vector. The dip angle is read with appropriate

scales and optics. The precision is comparable to that of the declination measure-

ment, the uncertainty being less than 10 seconds of are.

Fixed induction coils of various sizes are used to measure rapid fluctuations

in the field. To measure the vertical component, horizontal coils with diameters

of nearly 10 km have been laid out on the ground; for the other components, coils

a few meters in diameter, o~ut with many turns, are used. Also used for this pur-

pose are much smaller coi~s which are fitted with laminated mu-metal cores to

concentrate magnetic flux for increased sensitivity. The inherent sensitivity of

induction coils is proportional to the frequency of the field fluctuation; the detec-

tion of .001-gamma variations at 1 Hz is not uncommon. A typical search-coil

instrument for spacecraft has a coil two centimeters in diameter and thirty cen-

timeters long enclosing a mu-metal core; its sensitivity is about 1 gamma at 1 Hz

and .001 gamma at 3 kHz. Satellite search-coils have also been used as rotating

coils, using the satellite spin, to measure two components of the dc field.
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The H-magnetometer of Schuster and Smith consists of a llelmholtz coil with

its axis horizontal and rotatable about a vertical axis so that the H component of

the field may be annulled. The coil is purposely misaligned with the vector Tr by a

couple of degrees so that there will be a small residual component exactly perpen-

dicular to IT wben the annulment in the direction of TT is exact. A small needle

suspended at the center indicates null when it is perpendicular to IT. The annulling

field is computed from electrical constants and the coil dimensions. The uncer-

tainty of the measurement is typically about 1 gamrna.

The Z-magnetometer of Dye is similar; it uses a Helmholtz coil with a vertical

axis. The alignment, however, is made as accurate as possible, and null is detected

by a vibration galvanometer. This is a small electromagnet, mounted to vibrate

freely at some mechanical resonance frequency along its axis (also vertical); when

driven with a large electrical current of this frequency it vibrates unless the verti-

cal field is complete annulled. The precision is comparable to that of the H-magne-

tometer. At high latitude stations, Z is much larger than H, and for better accuracy

these stations usually measure Z, I, and D rather than H. I, and D.

The first and best developed of the newer atomic- or nuclear-resonance in-

struments was the proton-precession magnetometer. The physical principle on

which it depends is the following. Individual protons in a hydrogenous material

placed in a magnetic field have both a magnetic moment and an angular momentum,

which coincide in direction; the field exerts on the proton a torque tending to align

its moment with the field, but the existence of angular momentum causes the
common vector to precess about the field direction. Normally, the precessing

vectors are random in phase and produce no coherent signal, but if they are started

with a common phase by suddenly releasing them after polarization by a strong

field perpendicular to the field to be measured, they precess for some time in uni-
son, producing, at the precession frequency, a signal which can be detected by a

pickup coil surrounding the material. The precession (Larmor) frequency is direct-

ly proportional to the field, the constant of proportionality being 1/2w times the

proton gyromagnetic ratio. This physical constant is known to an accuracy of

better than one part in 105 and has a value of 2.67519 X 104 (gauss-sec)- ; the

frequency for a field of 0.30000 gauss is therefore 1.2773 kIz. In a typical instru-

ment, the hydrogenous material is a fraction of a liter of water, alcohol, or n-hep-

tane, around which is wound a single coil, used both to produce the polarizing field
of about 100 gauss and subsequertly to detect the precession signal. The sample

is polarized for a few seconds, and the precession signal persists for a few seconds

thereafter before thermal agitation destroys the coherence. Several precautions
and corrections are required, but the instrument is basically simple and reliable.
The resonance line width for water is typically about I gamma and absolute mea-

surements of the field may be made with an uncertainty as low as 0.1 gamma.
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Versions suitable for use in observatories, aircraft, ships, and rockets have been

developed.

The proton vector magnetometer combines the proton-precession magnetom-

eter with two sets of Helmholtz coils arranged to annul the H and Z field compo-

nents. To measure Z, IT is first annulled by producing -IT in the H1 coils. This

null cannot be detected directly but is produced by using just half the current re-

quired to generate -2F1; the latter condition can be detected, since the total inten-

sity is then exactly the same as that with zero current in the coil. The current

required to annul Z is then measured. First-order instrument errors. of which

leveling alignment is most critical, can be corrected by appropriate checks with

reversed coils. To keep the field gradient at the sensor low enough with moderate

coil dimensions, a four-element Fenselau or Braunbek coil array may replace the

simpler Helmholtz coiL Since this instrument uses the proton-precession mag-

netometer simply as a null detector, the precision of the measurement depends on

the accuracy with which the generated field are known; an uncertainty as low as

about 0.3 gamma is possible. This instrument is now used to measure H and Z at

many observatories.
A newer resonance instrument is the rubidium-vapor magnetometer, which

relies on the Zeeman effect and the phenomenon of optical pumping. Any alkali

vapor is suitable, but the rubidium isotopes 85 and 87 have been most used. The

energy-level diagram for Rb-87, showing the Zeeman splittipg in a magnctic field,

is shown in Figure 11-8. When light of about 0.79476-micron wavelength is passed

through a transparent cell filled with rubidium vapor, resonance absorption and

re-emission occurs, involving transitions between the various Zeeman sublevels

of the ground and first excited states. If the light is circularly polarized, the ab-

sorption transitions must have A m = +1, so no transitions from the groundstate

sublevel with m=+2 can occur. Eventually, all electrons are trapped in this sub-

state and no further absorption car, take place; the vapor becomes magnetically

polarized and transparent. This process is termed "optical pumping". Trhe polari-

zation can be destroyed by impressing in a direction perpendicular to the ambient

field a weak magnetic iieid, oscillating at a frequency (the Larmor frequency) cor-

responding exactly to thp Zeeman splitting (6.99 Hz/gamrnma). Forbidden transi-

tions between the various m-sublevels of the groundstate are induced, electrons

trapped in the sublevel with m = +2 are redistributed to other sublevels, resonance

absorption of the light is again possible, and the vapor is no longer transparent.

The ambient magnetic field is determined by measuring the Larmor frequency 4that

is, the oscillating-field frequency which produces maximum light absorption). The

simplest magnetometer consists of the rubidum-vapor absorption cell surrounded by

a coil to produce the Larmor-frequency field, an rf-excited rubidium-vapor lamp
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Figure 11-8. Fnergy-Level Diagrom for Hubidium-8'i

with a filter to absorb all but the 0.79476-micron line, a circular polarizer between

the lamp and the cell, and a photodetector to measure the intensity of transmitted

light. The frequency of the impressed field may be adjusted manually for minimum

transmission of light through the cell. (A 20-percent change in absorption occurs

between the pumped and unpumped condition.) In more refined instruments, several

corrections and improvements are usually incorporated. For many applications,

particularly in spacecraft, self-oscillating instruments have been developed; in

these, both the light intensity and the impressed field oscillate with the Larmor

frequency, which is established using a feedback signal from the photodetector.

The absolute accuracy of rubidium-vapor magnetometers is limited by the inherent

line width of the resonance (several gammas) and a further splitting of the Zeeman

levels by second-order effects in the coupling of moments; the uncertainty in weak-

field measurements (for example, in the distant magnetosphere) is negligible, but

in strong-field measurements (for example, near the surface of the earth) it is

seldom less than about 2 gammas.

The helium magnetometer is also an optical-pumping instrument. Its opera-

tion is similar to that of the rubidium-vapor magnetometer, except that, since the
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groundstate of helium has zero magnetic moment, electrons are trapped in a sub-

level of the metastable 2 3 PI state instead, being excited to the metastable state by

an rf electric field. The inherent sensitivity is higher because of a greater Zeeman

splitting (28 Hz/gamma compared with 7 Hz/gamma for Rb-87), but the line width

of the resonance is much broader (about 100 gammas). Practical problems result-

ing from the higher Larmor frequency have hindered the development of self-

oscillating instruments. While rubidium-vapor magnetometers have been used

much more extensively to date, several advantages of the helium magnetometer are

likely to assure its usefulness in certain applications in the future.

While the fluxgate magnetometer has been in use for about 35 years, its cur-

rent usefulness in geomagnetism is due to extensive development in recent years.
In simplest form, it consists of a highly permeable ferromagnetic core on which

primary and secondary coils are wound. The primary winding is driven with a

sinusoidal current which has an amplitude sufficient to drive the core material into

saturation twice each cycle, thus changing the permeability of the material at a

frequency twice that of the primary current. The flux in the core arises from two

sources, the exciting field and the ambient external field. The former produces a

large component at the driving frequency and, because of the changing permeabil-

ity, other components at odd-harmonic frequencies. The latter produces a large

component at the second-harmonic frequency and smaller comr•npntQ at higher

even-harmonic frequencies, all due to the changing permeability; that is, the

steady ambient field, which would otherwise produce no signal is "gated" into the

secondary winding by the changing permeability of the core. Since the exciting field

produces only odd hý,rmonics, the second harmonic is a measure of the ambient

field. Its amplitude is proportional to the magnitude of the field component parallel

to the core, and its phase indicates the sign. If the core material is separated

longitudinally into two halves, the primary winding can encircle the two haives in

opposite senses so that the net excitation flux through the secondary is zero. To

the degree that cancellation is complete, only the desired even-harmonic signal is

uetvctvd. A typical fluxgaue magnetometer of this type is shown schematically

in Figure 11-9. Another scheme to eliminate the drive signal in the secondary

winding is to wind the primary and secondJary coils to be orthogonal. Since this is

an analog instrument with analog output signal, several characteristics of the cir-

cuitry and the core material limit the accuracy; until recently, calibration shifts

and zero drift have been a problem, and careful satellite measurements still employ

auxiliary windings to generate inflight calibration fields and a mechanical device to

reverse sensor orientations. Fluxgate magnetometers are particularly useful in

satellite experiments for measuring interplanetary aid very weak geomagnetic

fields and at tha surface of the earth for measuring variation fields. With special
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Figure 11-9. Schematic Diagram of a Typical Fluxgate Magnetometer

care, the sensitivity to the former can be a small fraction of a gamma; the sensi-

tivity to thc la-tter is typically about one gamrn,•, Sincoe the e'<citstion field may

have a frcquency as high as about 10 kttz, field fluctu~ations withl frequencies to 100

IIz or more can be mcasured. The fluxgatc instrument may be combined with a

system of lfelmholtz coils or permanent magnets to .mnnl~ all or most of the surface

field; this is commonly done for mieropulsation measurements. Since a single

sensor measures only one component of the field, a three-sensor array is often

constructed to measure the total field. A so-called orienting fluxgatc has been

used for extensive world-wide mag•netic mapping by aircraft. This instrument has

thlree orthogonal sensors with a servomechanism to orient the array such that two

sensors are perpendicular to the field (reading zero); the third then meas•ure.s the

total intenlsity, and the servomechanism measures the direction, On spinning space-

craft, one sensor is sometimes mounted at th•at angle to the spin axis (aretan 42-)

for which the sensor direction describes a cone crntaining three orthogona! axes,

so the sensor mneasures three field components successively as the spacecraft

spins; however, spacecraft dynamics are not usually well enough controiled to per-

mit accurate measurements by this method.

In the thall-effect magnetometer, the sensing element is a thin slab of semicon-

ductor such as indium antirnonide. If a current 1- is caused to flowv in such a

material placed in an ambient magnetic field iT, a potential gradient is developed
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which is porportional to and in the direction of T- x TT. With the current held con-

stant, the voltage across the slab is a measure of the field. The very small sensor

size is a major advantage, and such magnetometers are widely used to measure

strong fields in laboratory experiments, but problems with low signal levels and
temperature drifts have discouraged the development of instruments for use in

geomagnetism, where field intensities ar. lower.

A magnetometer based on the deflection of an electron beam by the magnetic

field has also received some attention. It consists of a precisely constructed
electron tube in which the beam is accelerated from one end and detected at the
othei- on a collector divided into halves so that the current differential iý a mea-

sure of the deflection and, therefore, the field. High sensitivity (on the order of a

milligammai is possible, but to date such instruments have not been developed for
geomagnetic measurements because of the complexity entailed by severe require-

ments for mechanical and electronic stability and precision.

A measurement of the electron cyclotron frequency of trapped particles has
been used to infer the intensity of the geomagnetic field. A trapped electron has a

component of motion, in the plane perpendicular to the field, which is circular

(cyclotron motion) with a frequency proportional '(, the field value: f = 2.7994 Fc
(MHz). It has been found that signals with frequencies which are integral multi-
ples (up to 4 or 5) of this frequency can be detectec, by a satellite at the location of

the particles, and a measurement of the frequency yields tLe value uf thle field. The

method is neither fully understood nor developed, but may be of value in the future.

Telluric currents (that is, currents flowing in the surface of the earth) can be

studied to infer the overhead magnetic-field fluctuations which are presumed to
induce them. The quantity measured experimentally is the voltage between one or

more pairs of electrodes buried in the ground. (In auroral studies, the voltage in-
duced in long telephone lines has also been used.) The electrodes are typically

bare strips of lead or a metal immersed in a solution of one of its salts in a po-

rous. container. The surface area which contacts the soil may be several square

feet, with the electrodes buried several feet deep and separated by a fraction of a

kilometer. Although the method is very sensitive and simple, its usefulness is
limited by several difficulties. Self-potentials and contact resistances at the sev-

eral electrodes are differem, are difficult to predict or measure, and vary with

time, so that slow fluctuations of the field are obscured. With the relatively low-

impedance current meters used earlier, faster fluctuations could not be observed,

but with the advent of low-noise high-impedance electronic amplifiers, frequencies
to at least 10 Ilz can be studied, and currents corresponding to field changes as

small as 10-5 gamma are detectable. Potentials due to slower fluctuations and
drifts in electrode characteristics are usually filtered out. A more fundamental

limitation is that irregularities in the ground conductivity pattern and their change
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with surface conditions distort the magnitude and direction of the field values

inierred from the curreatf

The developme.nt or selection of suitable magnetometers is not the only' prob-

lem in making geomagnetic measurements; related considerations often pose

greater difficulty and constitute the limiting factor in achieving accurate results.

Error in determining the orientaF.ion and geographic or spatial location of instru-

ments is a problem common to observatory, ship, aircraft, and spacecraft experi-

ments. At ground locations, surveying, leveling, and establisling true azimuth

must be carefully done and ionitored, since mounting piers can shift appreciably.

Few, if any, experiments conducted with ships or aircraft have established instru-

ment orientation with sufficient accuracy for useful component measurements, and

it has been common, therefore, to measure only the total intenF ty. An orbiting

spacecraft is not subjected to appreciable disturbance forces or torques, and star

trackers and scanners have been developed to measure accurately the orientation

relative to the celestial sphere; the problem of accurately establishing orbital loca-
tion is alsn tractable with modern tracking techniques. However, these capabilities

have not yet been utilized to make accurate vector field measurements. A problem

common to ships, aircraft, and spacecraft is the difficulty of making them highly
nonmagnetic. Only two such ships (see Section 11.3.3) have made extensive worldwide

surveys. To eliminate the magnetic effect of conventional vessels, measurements

at sea have been made by instruments placed on anchored and free-floating buoys

or towed at some distance behind a ship, of course, certain other difficulties are

encountered with such schemes. Nonmagnetic aircraft have been operated by

several countries, with good coverage of ocean areas further than 30 degrees from

the poles and some coverage of more poleward regions. A great number of non-

magnetic spacecraft have been built and flown with varying degrees of success. The
most stringent requirements are imposed for measurements in the distant magne-

tosphere or interplanetary space, where the total field may be only a few gammas.

A carefully observed program to eliminate magnetic materials and current loops

can yield excellent results, but such programs are often compromised because of
high cost, the difficulty in exercising adequate control over the many contributors

to a satellite, or an important conflicting requirement to use magnetic material

for some other purpose. Magnetometer! are often mounted outboard of the space-

craft on extendable booms to exploit the fact that the spacecraft field decreases as

the cube of the distance. Dema'netizing a spacecraft prior to launch is usually

helpful, but the residual moment is likely to be changed unpredictably by shock and

vibration in the ambient field at launch and by temperature effects. The moment

alorv the spin axis can never be measured with certainty after launch. Moments of

current loops vary because the currents vary; the moment of a solar-cell array
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often has a component fixed in space (nonrotating) because the illumination on

it is spin modulated.
A final problem area for space &xperiments involves limitations imposed by

telemetry and other spacecraft systems. In the past, data were often transmitted

in analog form and the cumulative error from the data telemetry system was often

distressingly large, seldom less than one or two percent unless the experiment

employed special circuitry. It is now more common to use pulse-code-modulation

(PCM) systems, in which data are converted in the satellite for transmission in
digital form. The precision of analog-to-digital converters routinely exceeds 10-

bit accuracy (0.1%). and special circuitry (for example, frequency counters for

resonance magnetometers) may be incorporated into experiments to eliminate

completely any error attributable to telemetry. A severe limitation which usually

remains is that of telemetry information bandwidth. For a given transmitter power
and orbit, the bit rate at which data can be transmitted reliably is limited, and

since this capability is divided among several experiments on the same spacecraft,

it is often necessary to compromise accuracy or sampling rate or both. Other
characteristics of spacecraft systems which are beyond the control of the experi-

menter (for example, data format, timing and synchronization, power-supply regu-

lation, etc.) also frequently impact adversely on experimental results.

11.3.2 Ground-Station Measurements

Since the beginning of the nineteenth century, the principal source of geomag-

netic data has been a continually increasing number of magnetic observatories
throughout the world. By 1840, about 50 of these were making coordinated measure-

ments of the declination at hourly (and occasionally 5-minute) intervals. In recent

years, over 250 stations have been operated on a continuous or intermittent basis.
Of these, over 130 are permanent formal observatories, the majority of which pub-

lish data on a routine and regular basis. Others are repeat stations, that is, loca-
tions which are carefully marked and used periodically for standard measurements

with portable instruments. Still others are special stations set up for research on

some particular problem. The geographical distribution of magnetic observatories
is shown in Figure 11-10. In Section 11.8.1 are listed, in order of geomagnetic latitude

the name and location of rmost of the magnetic stations ir. operation during recent

years.

The data provided by almost all observatories include, as a minimum, (1)
photographic recordings (magnetograms) of three quantities to specify the vector

field (for example, D, H. and Z) at a chart speed sLufficient for time resolution of
about one minute; (2) periodic absolute measurements of the same (and other) quan-

tities for accurate calibration of the magnetograms; and (3) hourly mean values of

these quantities, derived from the magnetograms. Field-component values are
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Figure 11-10. Geographical Distribution of Magnetic Observatories

typically accurate to about one gamma, and angles (D and 1) to about 10 or 20

seconds of are. Most observatories also derive K indices (see Section l.6.6), and

many make so-called rapid-run magnetograrns, which are recorded with a higher

chart speed for better time resolution. A smaller number make more extensive

and specialized measurements; some are highly competent research centers which

measure a variety of geomagnetic and related geophysical parameters.

Atl preaent, the principal sources of data from magnetic station)s are the World

Data Centers established for the IeY, as listed in Section 11.8.2.

11.3.3 Other Surface ieasuremenrs

Surface measurements have also been made aboard ships, aircraft, and an-

chored or towed buoys. While these have been limited in accuracy by the difficul-

ties of achieving magnetic cleanness and establishing spatial location and orienta-

tion, they have been necessary and important, particularl' before satellite surveys

were possible. The nonmagnetic United States ship Carnegie was operated for many
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years before it was destroyed by ftre more than forty years ago. In 1957, the non-
magnetic Russian ship Zarya, fitted with a gyro-stabilized platform, began a pro-
gram of vector and total-intensity measurements for the IGY. Some sea and air
measurements are being continued and improved, for both general worldwide and
special-purpose magnetic surveys. Measurements by nonmagnetic ships and air-
craft have been particularly important in the derivation of quantitative models of
the main field; survey routes covered in the past quarter century are shown in

Figure 11-11.
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1i.3.4 Satellite and Rocket %Iea~urementa

The altitude range accessible to small rockets has permitted direct measure-
ment of magnetic fields at the location of ionospheric current systems. Rocket-
borne magnetomneters have been particularly useful in studying the equatorial
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and auroral electrojet currents and the magnetic fields associated with auroral

events.

Magnetic measurements by salellite were begun in 1959 .y the Sputnik 3 and

Vangquard 3 spacecraft. It was soon tppreciated that for magnetic-survey purposes

a polar-orbiting satellite could accomplish in several weeks what had earlier re-

quired many years. Furthermore, it would largely eliminate the unqual distribu-

tion of data points, the large unexplored areas, th- naccuracies due to secular

change during the survey, and the errors due to differences in technique when many

investigators contribute. Since that time the seven other low-altitude satellites

listed in Table 11-1 have contributed to rr.gnetic surveys. Despite several limita-

tions (for exam. 'e, precise vector mec.surements have not been attempted), expec-

tations have proved well founded. Current models derived from satellite data

appear to be as good as those based on surface data for predicting the surfacefield

and are superior for predicting the field in space; crustal anomalies are mostly

not observable in satellite data, but they are not reproduced in surface-data models

either. The current status has been summarized by Cain [1971]. Results of the

recent World Magnetic Survey are summarized in IAGA Bulletin No, 28 [Zmuda,

1971].

Table 11-1. Geomagnetic Measurements by Low-Altitude Satellites
[after Cain, 1971]

Orbital Altitude Operational Type of Est.
Incli- Ranqe Time Maqne- Total

Spacecraft nation (km) Interval tcveter Error

Sputnik 3 65' 440 - 600 May S8 - .un 58 Fluxnstes lOOy

Vanguard 3 330 510 - 3750 Sep 59 - Dec 59 P-poecession lOy

Cosmos 26 49- 270 - 403 Mar 64 P-precession

Cosmos 49 50 261 - 488 Oct 64 - Nov 64 P-nrecession 22Y

1964-83C go° 1040 - 1089 Dec 64 - Jun .5 Rb-vanor 22v

000 2 87' 413 - 1511A Nov 65 - Sep 67 Rh-vapor 10'?

OGO 4 86' 412 - 908 Jul 67 - Jan 69 Rb-vanor l1 "Y

OGO 6 82' 397 - 1098 Jun 69 - AuQ 70 Rb-vapor Il"y

Cosr.os 321 71' 270 - 403 Jan 70 - Mar 70 Cs-vanor *

The configuration and dynamic processes of the magnetosphere have been

studied with many satellites, notably those of the Explorer, OGO, and Pioneer

series. Frequencies from dc to VLF Lnd spatial locations from ionospheric
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altitudes to 1000 R down the tail have been explored, with major emphasis one
mapping the magnetosphere and studying its interaction with the solar wind.

Raw data and analyses resulting from satellite experiments are disseminated

mostly through the ooen literature and several data centers. The following sources

of data are provided in Section 11.8: (1) a list of pertinent active and planned

spacecraft with reference to a detailed catalog of rll experiments carried (Section

11.3.3), (2) a list of satellite ELF and VLF experiments with references (Section

11.8.4), (3) a lEt of the journals in which most experimental results are published

(Section 11.8.5). (4) references to major data centers and their data catalogs (Sec-
tion 11.8.2), and (5) references to other source listings (Section 11.8.6).

11.4 THE MAIN FIELD

As noted above, the steady field consists of the main field, of terrestrial origin,

plus the nonvarying components of extraterrestrial current systems. The latter

are described in the subsequent discussion of variation fields, since their impor-

i.ance arises from their dynamic behavior. While they are omitted here, it should
be remembered that they contribute to the surface field an amount which exceeds

the uncertainty of present satellite survey measurements.

11.4.1 Bac Decription

The detailed characteristics of the main field are most easily shown in world

charts of the elements. Historically, such charts have been prepared by fitting

curves by hand to observatory and survey data. Recently, however, experimental
measurements and mathematical models (see Section 11.4.2) have both attained

sufficient accuracy that differences between them are not detectable on world

cLarts of moderate scale, and current charts are plotted from the models. Such

charts are presented in the following section.

An explanation of the source of the main field must be consistent with seismic

and other geophysical data, which indicate the interior of the earth to be roughly

as shown in Figure 11-12. The crust of granite and basaltic rock is only 5 to 30 km

thick. Under it is the mantle, which extends to a depth of about 2900 km, constitut-

ing the major bulk of the earth. Interior to that is the core, mainly iron; the outer

core is molten, while the inner core (below a depth of about 5100 kin) is thought to

be solid. Of the limited number of explanations which have been proposed, most

have been discarded on the basis of convincing arguments. Permanent magnetism

cannot be sufficient because of the temperatures and material properties known to

exist in the interior of the earth. An electromagnet without a driving source would
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Figure 11-12. The Interior
Structure of the Earth
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earth could be detected by its electric field and other effects. The induction of a

terrestrial current system by magnetic storms seems inconsistent with what is
known about storm phenomena. Several other suggestions are sinilarly unpromi-

sing. The so-called "Hall-effect" and "twisted-kink" theories proposed, respec-

tively by Vestine [1954] and Alfven [19501 have not yet been proved untenable but

are not widely favored. At present the most satisfactory theory is that first de-

veloped by Elsasser [1946a, 1946b, 1947] and Bullard [1948, 1949a, 1949b], inwhich

the field is generated by some sort of self-exciting dynamo system, that is, a con-

figuration, in which an emf generated by the motion of a conductor (molten iron) in

a magnetic (ext itation) field produces a current in a circuit so oriented as to pro-

duce the excitation field. The simplest such dynamo is shown in Fi'gure 11-13.

The conducting disc rotating in the axial field B generates a radially directed emf
which is picked up by the brushes of the nonrotating coil; the emf produces the

current i which generates the fmeld tB It is easily found that there is an angular

velocity for which the dynamo is self-sustaining, and the field can be dcveloped in

either direction. The dynamo of the earth cannot, on course, be visualized as an

assembly of discrete parts, but must consist of bulk current densities in the molten

core. The theory of such a homogeneous dynamo has been developed for deveral

simplified configurations, and it is now widely believed that such a system must be

the source of the main field. Present knowledge is still insufficient to provide a

detainteid picture of core circulations. It is believed that the dipole part oa thefield
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must result from a major two-dimensional circulation, which is probably con-

strained to remain perpendicular to the geographic axis by the Coriolis force. The

nondipole regional anomalies are believed to arise from eddy circulations in the

outer layer of the core; the nondipole field obtained in the mathematical models

discussed below can be extrapolated to the depth of the core surface, with a result

such as that shown in Figure 11-14. The distrib':tion of electrical curr2nt density

required in the core surface to produce this field has a similar pattern, and it is

found that the field can be fitted fairly well by assuming about nine radial dipoles of

varioq strengths (equivalent to circulation vortices) within the core [Alidre-lge

and Hurwitz, 19641; their locations are also indicated in Figure 11-14. Local

anomalies, of limited extent, arise from permanent magnetism n the crusi; because

the source is so close to the surface. these fields sometime'z exceed that arising

from the core. The Kursk anomaly, largest ri the world, loc ited 400 km south of

Moscow, is shown in Figure 11-15.

11.4.2 Precise Quantitative Descriptions

A first approximation to the g,•oomagnetic field Peat the surface of the earth is

an earth-centered dipole with its axis tilted to inter3ect the earth at 78. 50 N,

291.0° F, the geomagnetic north pole: the other intersection at 78.5'S, 110.0°E is

the geomagnetic south pole. (These values were adopted internationally to define

the geomagnetic coordinate system; however, the dipole terms of the more recent

International Geomagnetic Reference Field, also adopted internationally, place the

pole at 78. 56' N, 290. 240 E, and at present this axis is also frequently used.) In

spherical coordinates, r, e, and (p. with r measured from the center of the earth

and e measured from the dipole axis (gcotnagnetic colatitude), the dipole field has

the vector components
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Figure 11-14. Tue Vertical Comnpone-nt (in [;nits of Oersteds) of the Nondipole
Field, Extrapolated to the Surface of the Core. Solid circle.F indicate the loca--
tions of the nine interior radi-il dipoles found by Alidredge and Sterns [1969] to

fit the field [redrawn after Vestine, 1967]

M-- - -- 2 cos 8
Br

r

B =0

The total intensity is then

M : • I o2 0+11/2 (11-2)

r
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Meflwain, trapped particles which move adiabatically to conserve three invariants

of the motion are confined to a shell of constant L. The l3-1, coordinate system i%,

roughly speakintg, a transformation of the actual distorted field of the earth into

an equivalent dipole field (employing a multipole expansion of the former, as dis-

cussed below), and the shells of constant L transform into the simple mapnetic

shells of the dipole field, with L .In considering trapped-particle populations,

it is often useful to know roughly the volume within one or between two magnetic

shells; Figure 11-16 shows the volume above the earth (in units of earth volumes,

V = 1.10 x 1027 cm enclosed h. successively larger magnetic shells.

500 I I

-1

joG

d)
"E 0 

Figure 11-16. Volume (Above the: .Surface 
of the Earth) Enclosed by

an L-Shell Plotted as a Function of
I 1:. n ts arc earth volumes ffrom

c data of hless, 1968]

E10

1 2 3 4 5 6 7 8 9

The centered dipole is a rather poor approximation to the actual field. Equa-

tion 11-2 yields an equatorial field intensity of 0.308 gauss, while the actual inten-

sity ranges between values of 0.41 and 0.24 gauss, more than 25% above and below

the calculated value. Much of this discrepancy can be removed by taking the dipole

fo be eccentric, a good fit (for epoch 1955) being obtained by displacing the center

of the dipole 436 kin toward 15.e N, 150.9 E and inclining the dipole axis to inter-

sect the spherical earth at 81.00N, 275.3"E and at 75.0oS, 120.4 0 E [Parkinson and
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Cleary. 19581. However, the improvement is not good enough for most purposes;

discrepancies of about 10% remain. Further, the awkward transformation from the

dipole to geographic coordinates makes the approximation unsuitable for hand cal-

culation. and since much better models are readily available for machine computa-

tion, the eccentric dipole is seldom used.

Any field derivable from a potential function can be expressed in terms of a

multipole expansion of the potential. The coefficients of the various terms may

then be adjusted by a least-squares method to give the best fit to the measured

field. The methodology for such analyses is well developed, and sets of coeffi-

cients. along with computer programs to calculate the field and a number of re-

lated paramete:s, are readily available. In simplest form, the analysis is as

follows. The magnetic scalar potential may be written as a spherical-harmonic

expansion:

Va~ ~ m (s)[(a) (gin ( m +hmV = a• E= r (ces 9) (gmcos mp ÷h msin mV0

n1 m=O n n

+ (, (A m cos m(0 + B m sin mt) (11-4)
r n n

where r, e, and lp are the geographical polar coordinates of radial distance, co-

latitude, and east longitude, and a is the radius of the earth (a = R e). The functions

pnm (cos 0) are the Schmidt functions:

Im E,(n-.m)! 1/ bco2 o 2 n+MP Pn(Cos 9) m (Cos 2 -1) n
P(n+m)! c )nn! d(cos )n+m

C =2ifr>0m

m I if m = 0 ( 5)

The second quantity in brackets is the associated Legendre function Pn m(Cos ).

Its numerical multiplier makes the Schmidt function partially normalized. (Its

mean-square value integrated over the sphere is not unity. but (2n + 0-1/2.) The
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c m A M and B m appropriate to this function, referred to as
l coefficients gn * hni * A * nd

"Schmidt coefficients", are now quite universally used in quoting results of anal-

yses, although earlier analyses have used other normalizations, particularly the

Gaussian. For Gaussian normalization, the numerical multiplier is replaced by

1[2n n! (n-m) I /(2n) !]. Therefore, to obtain the corresponding Schmidt coeffi-

cients, Gaussian coefficients must be multiplied by q = [2n nI / (2n)!] [(a-rn

(n+nm)! / Ei 1/2; values of q through n=m=10 are listed in Section 11.8.7.

In the potential, those terms containing gnm and h m arise from sources

internal to the earth, while those containing A m and 13 nm arise from external

currents; the potential function is valid in the space above the surface and below

the external current system. The field is given by

-(7V-6)

The northward, eastward, and downward components of the fVeld are thus

X = (lfr) (aV/I2i)

Y = -(/r sin 0) (MV/OO)

Z = bV/ar (11-7)

Until very recently, analyses have been unable to identify contributions from exter-

nal sources, and the coefficients Anm and 1 3nm are ordinarily a-sumed to be zero.

The coefficients gnm and hnm are adjusted by the least-squares procedure to mini-

mize some quantity such as the weighted sum of the squares of the differences be-

tween X, Y, and Z values calculated from the model and measured X, Y, arid Z

values; the sum is taken over a network of measurements covering the entire earth.

As the degree of the rnultipole terms increases, the magnitude of their effect de-

creases, and it is pointless to retain more terms than are warranted by the accu-

racy of the experimental measurements; most recent analyses retain terns through

n=m=6 to 10, dcpending on the accuracy of the data, though some have retained

more.

While the method is mathematically quite straightforward, the process of

selecting, reducing, and weighting the data is not. Measurements must be corrected

for disturbance and quiet-day variations, instrumental error, seasonal variation, and
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secular change, and uncertainties in these corrections lead to a noise level in the

final values used. Other sources of noise also contribute, such as the effect of

surface anomalies too localized to be resolved by the multipole terms retained.

The weighting of surface data is most complicated by their uneven geographic dis-

tribution and varying precision. The usual procedure has been first to chart the

data and then to take an evenly spaced network of values from the chart, assigning
higher weight where the measurements are dense and precise; newer machine

procedures permit using the original data directly, which eliminates much of the

subjectivity inherent in charting by hand. In any case, the methodology chosen has

a significant effect on the coefficient values obtained. While it is usually important

to get the most accurate absolute values of the coefficients, it is also often impo.--

tant (for example, to study the secular variation) to assure that a comparison of

models derived with different methodologies does not yield a spurious result.

Current analyses yield coefficients which predict the surface field to within
about 200 gammas rms difference and the field at a low-altitude-satellite orbit to

within about 10 gammas. The coefficients for three of the most useful recent

models are listed in Table 11-2. The first is that of Jensen and Cain [1962] for

epoch 1960.0, which was widely uted as a reference field for many purposes prior

to the availability of the later two. (Published coefficients for this model were

Gaussian normalized; in the table they have been convcrted to Schmidt coefficients

to facilitate comparison.) The second model is the International Geomagnetic Ref-

crcnce Field for epoch 1965.0 (IlOPE 19G5.0) [Zmuda, 1071]. This mnodel resulted
from a recognition, in connection with the World Magnetic Survey, that a standard

reference field was required for international use; applicability over a fairly long

period of time (1955 to 1972) was of greater importance than highest accuracy. It

resulted from a weighted average of several recent models, retaining coefficients

through n=m=8. It fits surface data from observatories, land and sea surveys, and
most airplane surveys to within about 200 gammas; data from four satellites are
fitted to within about 50 gammas. The third model is that of Cain and Sweeney

[1970], designated P00O 8/69, for epoch 1960.0. It was derived from total-field

measurements by three 0GO satellites during the period 1965.7 - 1968.4; thesedata

arc fitted by the model to within 9 gammas rms difference. Terms to n=ni=10 are

retained. From comparing the qualities of fit obtained with the various models, it

is clear that for some purposes the POGO 8/69 model yields substant•lly higher

accuracy, particularly for the period after 1065.

In computing the field for a time different from the epoch quoted, the secular
change must be taken into account. Both the IGRF and POGO models include the

first time derivative of each coefficient; these values are also given in Table 11-2.

Note that while the POGO coefficients are quoted for epoch M160.0 the experimental

data were for a much later time interval.
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Table 11-2. Spherical-Harmonic Coefficients for Three Useful Models of
the Geomagnetic Field

JENSEN A CAN IGRF 1965.0 POG7O 8169
epo& 1960.0 esc'i 1965.0 ?Poch 1960.0

Ma-t Field Main Field SCL¢Icr (hiane Main Field SeCulF= Chanqe
(qa-as) (I48ils) 19a4ivaS/year) (qla-as (gau•a•lyear)

G -30411.2 -30339 15.3 .30423.3 26.62 1 0
1 1 -2147.4 5798.9 -2123 5756 8.2 -2.3 -2170.2 5157.1 IC.03 2.25 1 1

2 ,1 -1602.3 -7664 .244 -1542. 5 -23.66 2
2 1 29,0.1 -1912.4 2-94 -2006 0.3 -. 1.8 2989.3 -1979.3 1.50 -6.84 2 4
2 2 145.1 182.3 1562 130 -1.6 -16.7 1555.9 266.1 7.92 -28.32 2
3 0 1260.7 1291 0.2 1333.- --. 2.4 0
3 I -2079.2 -485.7 -2035 -

4
j3 -10)8 4.2 2992.6 .424.. 1-"_42 4.49 3 1

I2 7 1285.7 216.4 1209 243 0.7 0.7 1292.2 24>.7 6.84 -0.96 3 2
3 3 821.7 -26.6 843 -12i6 -3.8 -7.7 933.6 -174.0 3.27 1.77 3 3
4 0 955.3 958 -0.7 954.7 -1.57 4 6
4 1 810.5 219.7 805 149 0. -0.1 Rl.0 194.4 -1.78 3.05 4 1
4 2 55:.0 -235.7 492 -280 -3.6 1.6 506.P. -303.7 -1.36 5.64 4 2
4 3 -335.0 -20.6 -392 8 .3.7 2.3 -392.0 19.4 1.31 -1.09 4 34 4 276.4 -187.3 256 -265 -2.7 -7.2 224.1 .273.4 2•.. -2.05 4 4

5 3 -206.0 -223 1.9 -237.5 2.59 7, 0
$ 1 338.4 7.8 357 7.6 1.7 2.3 356.5 5.1 0.50 2.34 5 1
5 2 ?5.(O 26.0 246 125 2.9 1.7 249.2.. C1.3 -C.27 4.07 0 2
5 7 12.9 .97.7 -26 :,

2 3  
0.6 -Z.4 -14.7 -!07.3 -3.&s -4.24 5 3

5 4 -225.7 -709.1 -161 -167 0.0 6.8 -145.7 -205.3 -'.08 0.63 5 4
5 5 -99.3 173.6 -51 77 1.3 -0.3 .75.7 117.1 5.03 5 5
6 0 115 2 47 - C.1 4 9.0 0. "7 6 0
6 1 25 1 7 3.5 60 -74 -3.3 -3.9 59.4 -7.6 7.3, -0.65 2 1
6 2 -21.5 59., 4 I16 7.; -3.4 -2.7 112.2 2 35 -2.38 6 2
4 3 -214.9 34.2 -229 63 1.5 2.0 -232.4 R,.3 1.20 2.49 6 7
6 4 -13.3 2.2 3 -32 -3.4 -1I.; 9. -0.1l 2.77 .1.76 6 4
6 t -9.8 40.0 -4 -10 -6.4 6.1 7_ -27.'? .6OP 2.34 6 5
6 6 -166.3 40.4 .- ' -13 - -R3.3 . -1.i3 -2.59 6 6

S72 "1 -0 -7.61 7 C
1/ -54 -- 7 -S3 -1 1 51. -0.26 .1.65 7 I
S0 -27 - 0. -2 .2 0 72 -7.14 3 2173 !2 .-' -3, 02f.3 41. 0.02. 0.55 73

7 4 -7 3 • -. '.' ," .'. ? 7

7 5 -9 29 6 .4 -3.77 6.91 7
7 13 .:9 -2 1. 2 ID.• 2" . C.46 7

1 1 -2 -7 -06. .3 379 7.p .-. 4.- 0.60 0 7

CC in 0 1 9., IQ 0
5 1 9 5 0.4 J.1 .,7 C.01 I
6 2 -3 -13 016 3' u.fl 635 2 27 -17I?. -'..-6.5 9.o 0.2. -.125 2. 3

1 4 1- .-I _0 .2 -3 1l0 0.42 I0.0 0
1' 7 4 - -, n. -0.2 -0.49 . 56• 6-. 22 33 -. 12; 206• 2.4' 0.56 2. 0

7 47 -3 - 0 6.13 -0.67 2. 7

66 6 - .6 -',5 -. 3 07 267 71 -0.08 8 8
91 9.7 217 9 0
3 ,. -3 4 -C.0P 2.42 q I
92 31 12.0.4' 5.47 9 ?
47 126. 3.1 -555 7- f.'' 0 3

.3 -0.4,/ -0.4 1 9 45, -. -0.5.3 -6.22• 9 5
9'¢ 0. 0 7 -0q.42. 1.71 9£
9 6Z.7 6.54 C.01 9 796 0,62 4.1 -6.15• -'.13 9 2.
9 9 3..33 6.16 9 9
n, i - 7 q1.33 19 3

L- 79 -6 OR -0, 14 j I
.0 2 . 0.17 -9.3. t310'•It ". ->'. 6/ . 53•'

10 4 -Z."' -121 -3.02" 7'

13 5 9. : 33 0.04 I
40 6 .333 . 0.13 I

22 1 . i 2 -3.27 0.07 41 "
19 A 0.77 0.40-. 1'
16 .3 I _ I 0.3 -6.53 1I1 943 I? 5.1 -2.f -0 . T3 0.31 16 IS
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Charts of all the magnetic elements, X, Y, Z, F, F, D, and I as computed from

the model IGRF 1965.0, are p:esented as Figures 11 -17 through 11-23, respective-

ly. In the following section are presented corresponding charts of the secular

varidtion of the elements. Charts were drawn at AFCRL, basedon charts produced

with a computer contour program by J. C. Cain, Goddard Space Flight Center,

U.S.A., and improved by B. R. Leaton and M. Fisher, Institute of Geological Sci-

ences, U.K. [Leaton, 13.11., IGRF Charts, pp 189-203 in Zrnuda, 1971]. On plots to

this scale, the actual and model fields are indistinguishable. On a much expanded

scale the actual field would show crustal anomalies. Since these seldom exceed

100 km in extent, they are not reproduced by the spherical harmonic models, whose

components have wavelengths for n=m=10 no shorter than about 4000 km.

Until recently, the quality of experimental data has not warranted such refine-

ments as accounting for the oblateness of the earth, including contributions from

magnetospheric curre-it systems, and retaining terms beyond about n=m=6. Now,

both the IGRF and POGO models refer surface values (approximately) to the inter-

national ellipsoid (equatorial radius 6378.160 kin, flattening 1/298.25), and higher-

degree terms have been included. The averaged quiet-time surface contributions

of external currents are known to exceed the uncertainty of the fit but have not yet

been separately identified.

To study the secular variation, analyses for earlier epochs are of interest. An

analysis yielding coefficients to n=m=4 was made by Gauss in 1835, and analyses

have been made for epochs spaced about 10 years apart throughout the present

century.

For situations in which a model for only a limited region of the surface of the

earth is required, an expansion in orthogonal polynomials, rather than spherical

harmonics, can be made. The methodology for such analyses has been developed;

a description has been given by Fougere [1964].

At some distance (several Re) from the earth, the field is so distorted by the

solar-wine interaction that the model field must account for the responsible exter-

nal current systems. The first such models [Meaci, 1964; Midgley, 1964: Williams

and Mead, 1965] included magnetopause and neutral-sheet currents for a variable-

strength solar wind blowing perpendicular to the 4ecmrnagnetic axis. In a cur'rent

model [Olson, 1970], the dipole :ield is tilted at an adjustable angle, the geomag-

netic tail is cylindrical, the neutral sheet is hinged to the dipole equatorial plane

(that is, intersects it) at a geocentric distance of 10 R e, and the neutral-sheet

current varies with geocentric distance and closes along the two halves of the

cylinder. The coefficients A m and 13 m in Eq. 11-4 are adjusted to yield agree-

ment with measurements in the geomagnetic tail, where the field is very unlike the

main field. Since the equations are linear, contributions, from internal sources,
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magnetopause currents, and neutral-sheet currents are additive; the model includes

these separately. with a set of A for each of the two current systems. (The Bn n

are zero because of symmetry.) The model yields fairly good qualitative and quan-

titative agreement with measurements in the tail. It also predicts accurately the

daily variations observed at a geostationary (synchronous) satellite at 6.6 Re; these

are dominated by magnetospheric effects since the satellite is both motionless

relative to the main field and quite distant from ionospheric currents [Olson and

Cummings. 1970]. The predicted contribution to the surface daily variation is at

least 20% of the total observed and has qualitatively the same temporal and spatial

form. Although the agreement with current data is good, the current systems of

the model are certainly oversimplified. The model also fails toproduceavanishing

field outside the cylindrical magnetopause. Coefficients for a number of models and

computer programs for computing field values, tracing field lies, and calculating

B-L coordinates are available as noted in Section 11.8.8.

11.4.3 The Secular Variation

The study of changes in the field which have occurred over the past 400 years

or so is based on historical records. The precision of such data depends, of

course, on their age; for most of this period, observations separated by many years

have been required, but at present satellite surveys can ,neas•re changes occurring

over intervals as short as a year or less. This section describes the secular var-

iation during the period of recorded data; its earlier behavior is discussed in Sec-

tion 11.4.4 below.

The secular variation is found by comparing world magneti2 charts for

successive epochs. As noted in the preceding section, this process is now incor-

porated into the computer programs which fit mathematical models to the data. A

determination of the secular variation for all elements of the field has been in-

cluded as part of the IGRF 1965.0 model. Charts of the results are presented in

Figures 11-24 through 11-30.

The secular variation in recent decades and centuries may be considered to

consist of four components: (1) a decrease in the strength of the centered-dipole

part of the field, (2) a westward drift of regional anomalies (that is, the nondipole

field), (3) a northward movement of the centered dipole and (4) residual nondrifting

variations of regional or worldwide extent. These may be described individually

as follows.

Over the entire period of recorded data, the dipole strength has been decreas-

ing at an average rate of about .05% per year (16 garnmas per year in the equa-

torial field strength); data for the past 150 years are plotted in Figure 11-31.

Paleomagnetic studies described below indicate a decrease over a much longer
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perioa. Were this rate to continue, the dipole field wo-uld vanish in another 2000
years. Ozily in recent decades has the rate over intervals as short as several

years been measurable. As shown by the data of Figure 11-32. the decrease has

become appreciably faster over the past two decades. This trend may indicate an

oscillation about the mean rate with a period of about 40 year. (dashed curve), or
it could be nonperiodic (dotted curve), perhaps foreshadowing a total collapse of

the field, as discussed below.

- ITT , I I I

4.32 3- Iz

o o4, • -

., 8.5 1

Year A 0

fig re 11-31. E:qiaotorial Field Strengqth During the Pas•t 150 Years
[conIJ~uted and plotted from data in 'fable 11-] of Vestiroe, 1962]

The secular v-ariation has the complex patterns .shown. i,: th,.' ''h-'zts,2 j:;s

11-24 through 11-30. It :.as long been observed that the maj,,r regional anonalies

in the field appear to be moving westward, and mathematical aiai]ysis [\Jag4ata,
1962) confirms that, of the secular variation which is not attributable to dipole

weakening, roughly 60% can be accounted for as a westward drift of the n ndipole

field by about 0.2 degree per year. This drift is easily observed in Figure 11-33

which shows the shift, over about 40 years, in the profile of the vertical equatorial

field as a function of longitude. This ts believed to indicate that the fluid core and

soli', mantle rotate at slightly different rates. The rate ot drift is apparently not
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Figure 11 -32. Rate of Change in the Equatorial Field Strength Over
the Past 30 Years. The dashed curve is a sinusoidal oscillation of
40-year period which fits the data; the dotted curve is a nonoscilla-
tory trend suggested by the data (data compiled by Cain, 1971]
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Figure 11-33. Longitudil Profile of the Vertical Equatorial Field
in the Years 1945 and 1907, Showing the Cumulati"^ Westward Drift
of the Nondipole Field ij: 38 Years [after Bullard et al, 1950]
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constant. Since the core and mantle are coupled by electromagnetic as well as

viscous forces, and since angular momentum must be conserved for the earth as a

whole, changes In convective -notion which alter the angular momentum of the core

can produce rotational accelerations of the mantle, Changes in the rotation rates

are indeed observed and appear to correlate well with secular variation changes

(Vestine. 19621.

1. smaller part of the present secular variation may be described as a north-

ward movement of the center of the dipole with a velocity somewhat greater than 2

kin per year. Since at this rate the dipole center would reach the surface of the

coz e (about 3470 kmn geocentric distance) in about 1500 years, it is likely that the

nrortliwar d rio(ve .ient is a transient state of an axial oscillation of the current

syz:tei,i wvhich getiurates the dipole.

The re,.uAinder of the StCL11ar variation is nondrifting, is of relatively small

niagnmtude (,xcept in i- itarct-ca), fs not accurately determined. and seems to have

about a dozen regional foci. Several hypotheses involving core convection havebeen

proposed in explanation, but none has yet been generally accepted.

11.4.4 Pa~eornapg.tiam

Paleornagnctisrn i., the study of the g~omnagnetic field in times earlier than

those for which recorded data exist. It is iiabed on the fact, discovered more. than

100 y'-ýrr ago. tn,ý thtinuial.~ al re nannet magnctisoA (NRM) of some rocks and

archaeologiocal samples IF- EP meALsure of the georn. gnetic field which existed at the
timne of tiueiz pr duction. Providing the NRhM is stabl1e, It-; direction is the same as

arid its ititer,sity is proportional to the t,,kld it, which the r~...:ks or samples were

formed. Howe-.ier, NRWM can be produced by several physical processes. under

various conditior.~;, in mariy types of material, at. I o, iy ccrtain combinations result

in NRIN which is stable 4-i.',ugh for reliable res-,is. To datt, tUe most reliable data

depenci on therrnoreimarient i,..bgfetization, that is, 'ogti~twwhich has been

"l~cked into" the samnpic by coulizg after forr. ation at a .giqher terf.perature; the

best archaeological samples are iaked earths LUOrn r, 'aoV2UCzC Jiv,'i~uus (tor

examplde, kilns, hcar-ths, andr furnaces), iand the best gce'l.logical sariaplis include

miaterial's formed at high temper aturc (for e,/araple. lava,. Although great care

and special experimental tcchniqties are require(,. ti.c validity of a great many

paleoniagrictic data and con, lasions iF well establishcd.

Measurements of the secular change of the gc'omagneltic-field rintensity have

been extendcd backward ini time about 5000 yr( ars by measui cinentuf or, baked earths

obtained hij Japan, Ruhssia, and France. [Nagat~a et a), 1963; !Nagata a-nd fixiiiia,

1 90']. Tbe equatorial field strength deduced from thf~se dJata is plotted it. Figiii e

11 -34. The inten.sity has tended to decrcais. o-'er thc most rccert 2000 years at atn
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Figure 11-34. Equatorial Field Intensity in Recent Millenia as Deduced
From Measurements on Archaeological Samples and Observatory Data
[redrawn after Nagata and Ozima, 1967]

average rate of about 10 gamma/yr. while an increase of similar magnitude is

observed for the preceding 2000 years. The data suggests a cyclic variation with

a period of about 10,000 years.

Knowledge of the direction of the magnetic field ha. been extended backward

over both archaeological and gcological time scales cn the basis of data frim rock

samples. The direction during the past several tens of thousands of years shows

quasiperiodic oscillations ranging over several tens of degrees. '! spectral analy-

sis snows peaks at a number of periodicities between 401) and 7000 years, some of

which have been ascribed tentativel.v to various components (dinole and nondipole)

;.f the main field. However. data are not yet sufficert to describe completely the

sec,jiar variation in recent millenia.

!leasurements covering the past few millions of years have yieldec the impor-

tant discovery that, at least durinp this time period, .he dipole axis has not

wandered over the entire earth but has remained quite c.oselv aligned with the axis

of rotation. Measurements covering hundreds of millions of years have yielded the

second important discovery that there exist reversely magnetized rocks: in the
absence of an alternative explanation this implies that the field has periodically

undergone complete reversa'f. Although it has been shown to be possible for some

rocks to acquire a remanent magnetism opposite to the field in which they were

formed, other evidence [Irving, 1964, Chapter 7) is now very convincing that field

reversals have actually occurred a number of times between at least 500 million

years ago and the present. 'ihe two most recent reversals occurred about 1.0 and

2.4 million years ago. as shown in Figure 11-35. There is some evidence that
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Figure 11-35. Polarity Epochs of the Geomagnetic Field During the
Past Few Million Years (Lower Half (., Figure) as Deduced From
?aleoniagnetic Measurements (Upper Half). .ýubsequent work has con-
firmed this picture, but has estaolishEJ the age of the ,-arlier reversal
to be 2.41 + .05 million years [from the data of Cox et al, 19F3a,
19r,4, and McDougall and Tarling. 1963, 19G4]

during the reversal (that is, the period of transition from one direction to the other)

the field strength drops to a small fraction of the present-day strength, suggescing

that the dipole contribution first diminishes to zero, leaving only the nondipole

terms, and then grvA'; again in the opposite direction. H wever, it has also been

suggested that the undiminished dipole contribution may swing abruptly from one

stable position to another, and this question is not yet resolved. The duration of

the t, ansition is estimated to be at least a thousand years, while the duration of

each polar'ty epoch .nems always to be much longer (several thousands to many

millions of years); so far there is no ev£'Ience that reversals occur with a regular

periodicity or that either polarity persists longer than the other.

Large variations in the strength of the geomagnetic field in the past may have

conspquences in other fields of study, for example, influer.cing biological evolutiorl

through n,odulation of the cosiiuic r;diatikn and causing a difficulty ir the radio-

metri! dnting ol geological samples, in which a con.itant upper-atmosphere cosmic-

ray intensity has been assumed.

When data from recent epochs (for example, those of Figure 11-34) are vie ved

in the light of more ancient data, it is certainly not cleur whether the present

weakening of the dipole field represents the beginning :-f another fie:d reveraal or

a less drastic oscillation.
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Apart from the phenomenon of field reversal, paleomagnetic data indicate an

apparent motion of the geomagnetic poles. As already noted, data for the last 10

million years or so show the dipole axis fairly close to the geographic axis. There

seen-is generally to be a clockwise motion of the dipole axis about its mean position

with a period estimated to be roughly 10.000 years. suggesting a precession about

the axis of rotation. For earlier geological ages the behavior is not as clear.

Paleomagnetic and paleoclimatological data obtained on any one continent (even at

widely separated locations) tend to be consistent and yield a time history of the

apparent location of the magnetic poles [Nagata and Ozima, 19671; over hundreds of

millions of years, such virtual poles appear to have moved systematically by many

tens of degrees towards the present pole positions. However, as shown in Figure

11-36, there is a large disagreement between the traces measured for different
continents. The implication is that the continents themselves have been in motion,

having evolved from primeval land masses bearing little resemblance to the present

continents. Several concepts have been proposed; one that is widely favored

assumes two primitive continents, Laurasia (North America, Europe, and northern
Asia) and Gondwanaland (South America, Africa, Australia, Antarctica, Arabia, and

India). Figure 11-37 shows one reconstruction of Gondwanaland which brings the

virtual poles of about 150 million years ago into fairly good agreement; it suggests

that India (5000 miles from its present location) and Australia had already broken
off and drifted away by that time. At present there are insufficient data to locate

unambiguously either the poles or the land masses, n-or is there a satisfactory

physical theory to explain the continental drift; it is also not clear how the axis of

rotation has moved relative to the surface as a whole.

11.5 QUIET VARIATION FIELI)S

The fact that the surface magnetic field has; a daily variation was first dis-

covered ii, 1722. That the variation is caused by electric currents in a conducting

layer of the atmosphere was predicted in 1882, thougA the existence of tCe iono-

sphere was not diPcovered until 1902. Subsequent study has shown that the quiet

vari !tion consists of a large effect of solar origin, a smaller effect of lunar origin,

and a still smaller remainder due to magnctospheric processes.

11.5.1 The Solar Quiet Daily Variation

The solar quiet daily variation (the Sq field) results from currents flowing in

tne E1 layer of the ionosphere. Both the conductivity which permits the current to
flow anrd the electric field which powers the currents are produced by solat electro-
maafnetie radiation.. thrm!ý , c11''ut.•at th:c clcctric fic'.d n.;aj , , ~~l



65

0

0 ,/

e/

A/

/ . 7: .

.. 10

a-9 / ,.I

.0• •I0
. • i 0 10-25 'GEOCGRAPi-HIC /

0 25-65 'COORDINATES /
,\/ • - • •-,o ,.

0a 130-185

S230-2]0 5,

180

SII

Figure 11-36. Comparison of the Apparent Paths of the North Magnetic Pole Over
the Past 250 Million Years as Determined From Paleomagnetic Measurements on
Four Different Land Masses [redrawn after Irving. 19641

of a continuous convection of the outer magnetosphere (see Section 11. 7. 2). The

major part of the electric field is generated in the manner of a dynamo by high-

speed tidal winds which are produced by solar heating of the atmosphere. The

pattern of winds at ionospheric altitudes is still poorly known, but the pattern of

Sq is less dependent on this factor than on ionospheric conductivities. A fraction

(about 30%) of the Sq field is produced by earth currents induced by the primary
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ionospheric currents. To a first approximati.on, the Sq current is stationary in

nonrotating coordinates, and the field variation is observed on the ground as a

function of local time because the earth rotates under the currents; it is therefore

similar for all observers at the same latitude, This is a poor approximation, since



67

the conductivities which determine the current pattern are controlled by the magnetic

field, whicn is tilted, and the Sq variation is much more nearly the same along

contours of constant dip latittde than it is at const.-nt geographic latitude. (Dip

latitude is defined by the relation o= arctan (tanI)/2], where I is inclination.) Also

contributing to a longitudinal dependence are other effects, such as the influence of

ocean areas upon the strength of induced internal currents.

Figure 11-38 shows the worldwide average Sq variation in the elements 11, Z.

and D near the time of an equinox. Figure 11-39 shows the inferred ionospheric

and induced earth currents. The most notable feature is a concentration of current,
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Figure 11-:38. Worldwide Average of the Solar Quiet I)niyv Variation
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the equatorial electrojet, at the magnetic dip equator. The electrojet is, in fact.
only a few hundred kilometers wide, being more concentrated than shown. (The
spherical-harmonic analysis used to compute the currents cannot reproduce such

sharp features.) The electrojet exists becau,.e of a specia) circumstance. The fact

that the field at the dip equator is exactly horizontal creates a narrow belt of high
conductivity in the following way. An electric field impressed perpendicular to a
magnetic field (here eastward and northward, respectively) would normally produce
a Hall current flowing perpendicular to both (here vertically). However, in this

case, the conductive medium iE bounded in the vertical direction, the Hall current
is inhibited, and a polarization results. It is found, experimentally and theoreti-

cally, that the polarization enhances the effective conductivity in the direction of the

electric field (Cowling conductivity). At all other points, even slightly off the dip
equat or, the conductivity along the slightly tilted field lines is sufficient to allow
the polarization to leak off partially, and the Cowling conductivity is much less

enhanced.

Longitudinal, seasonal, and yearly dependences are not shown here; they ha're

been summarized quantitatively by Matsushita and Maeda [1965a). The seasonal
dependence is sti ong, with the current vortex in a given hemisphere becoming

more intense during its local summer. There is also a strong dependence on solar
cycle; while E-layer ionization is 50% greater at solar maximum than at solar

minimum, the Sq variation is about 100% greater, presumably because the wind
speed also increases. When the intensity of solar radiation is increased for brief
intervals by solar-flare activity, the Sq variation appears to be enhanced, In fact,

however, this so-called solar flare effect is not a simple enhancement, since the
additional current is generated mainly in the D (rather than the E) region, where

the wind system is likely to be different; it is discussed in Section 11.6.5. During
solar eclipse, on the other hand, a diminution of the Sq field by about 12 gammas has

been observed.

In recent years it was thought, for a time, that an additicnal independent solar

contribution to the quiet variation field had been discovered. It was observedonly
in the polar regions, being obscured by the main Sq field elsewhere, and was termed
SqP. Currently, however, it appears that SqP is really a dicturbancc (not a quiet-

variation) field, being the same as the DP2 field discussed in Section 11.6.3.

11.5.2 The Lunar Daily Variation

The lunar daily variation (the L field) is generated in the same manner as the

Sq field, except 1hat the responsible winds are produced by luni-solar gravitational
tides. The dominant behavior is a semidiurnal variation; the amplitude is about
an order of magnitude smaller than the Sq amplitude. As in the case of Sq. about
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30,o of the L field is produced by induced earth currents. Figure 11-40 shows the
average L variation in the elements 11, Z, and D near the time of an equinox and
for a mean lunar age. Figure 11-41 shows the inferred ionospheric and induced
eartl' currents. A lunar equatorial electrojet is a principal featurt, eNisting (a, J
being more intense than shown) for the sams, r'e.rsons as in the case Jf tile S,t var i -

'ion.
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The dependence of L on several parameters is consistent with expectations.

There is a seasonal dependence, as for Sq. and also a dependence on lunar age. The

solar-cycle dependence of L is smaller than that of Sq, the variation being about

30% (i.steaod of 100%) greater at solar maximum than at •olar minimum, because

the increased nctivitv increases only the conductivities and net the tidal wind

speeds. The longitudinal dependence, if it exists, is too small to have been estab-

lished to date. A quantitative summary of such dependerice: has been given by

MN'tsushita and Maeda [1965b].

11.5.3 Daily Variation of Magnelospl.- ,ic Origin

On the ground, the daily variation which results from nmagnetospheric effects

has not yet been identified experimental:. since it is certainly smaller than (and

has characteristics con~fusable with) the Sq and L variations. The dayside-night-

side difference in comprersion of the field by a quiet solar wino results in a surface

diurnal variatior computed to be o,.ly about 3 gammas; the strengths of quiet-time

magnetospheric convection and of i6 associated diurnal i.:-i 'ion have not been

estimated; and the surface diurnal components of other rnij:,;-tospheric fields (for

examiple, a quiet-time ring-current field), which in principle might arise from the

asymnietric geometries involved, are probably of negligible magnitude.

In the outer magnetosphere, such diurnal effects, are, of course, lsrge: how-

ever, measurements are usually referred to solar-magnetospheric coordinates to

remove most of the diurnal dependence. The remaining diurnal effect is usually of

little interest, but muy be an annoying complication in analyzing data for other

purposes.

11.6 DISTIURYED AARIATION FILIIiS

Tlc bi mary*tle riptiun of geomagnetic disturbance which follows presents a

sul. Cý. ]a Jiie, vie which i.; consi-fr.nt with "uost cur,'e t*he rcticuL rc-,ult3 und

avalal,ije d.,ta. :fov. /c.,r, in many ar .,s there exist viable alternative theories and ....

considerable crnt,,y jve.vy. Since it woui ! b, iy'ossirly cumbersome to qu•alify each

statoment of t .is I9, :Fif,, if ,i s i.n r))- .c r I,,: ed that p-irts of the de.;crintion

are not yet gener fly - tud, nrid s.uru e will surely, in tic fut,,re, require revision

or even .l proved qui it.

1 1.6.1 ;eonvagne tic Stormsb

J, i--n' . '.tic st,:u- 1 1t -,wi n;nefit rt, lifestatin ,,f a rnil niet ',l,,ti

A,, ru,,ter: aht \.e, tl," cl, ssic . ..ists of -v, u niergizi7ng p:jrts (, r.tt t,,,
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sudden commencement and initial phase; second, the main phase) followed by a

recovery. The first part is a compression and correlates well with the pressure

exerted by the bulk flow of the solar wind. The second is an inflation and appears

most highly correlated with the direction of the interplanetary field. Since a

feature such as a shock froat or other discentinuity propagating with the solar wind

is likely to involve changes in both pressire and field direction, it is reasonable

that storms typically show both compression and inflation effects. On the other

hand, either pressure or field direction may remain constant across a propagating

discontinuity, and it is not uncommon to observe a storm without a sudden com-

mencement or a storm which fails to develop a main phase.

The compression part of a storm, though not simple, is not nearly as complex

as the inflation part and is not discussed further. The inflation part appears to be

the cumulative effect of a number (often about 10) of magnetospheric substorms.

each of which contributes a quantity of protons to form the main-phase ring cur-

rent. If the substorms are few and widely separated in time, each fresh supply of

protons can decay before the next batch is produced, and the main phase will be

negligible or small, but if there occur a number of substorms within a short time

interval, the protons accumulate to form a strong ring current and a large main

phase. The intermittent and impulsive nature of the substorms accounts for the

charactv.ist'c noise of the main phase. With a view of the classic storm as the

,LW, (•.f US•' subsocns, the next step is to examine the features of a s.abstorm.

A i-agnetoss:beric substorm comprises a number of features which, while

generally intinlAt•*ly related, are often examined separately. These features them-

selves aie also 'orn:,oviy (arid contusingly) termed "substorms" and include (at

least) the -,rori . n agnogtic, ionospheric, micropulsation, proton-auroral, and

VLF-emis,;irn .•i-o'-.•crms. some of these are discussed below. The term "polar"

is often prtfixed in rý-errii,. to a substorm to indicate those manifestations which

are observed vn the polar rnd auroral regions.

11.6.2 Amroral Sub:orms

It has only recently teen i ecognized t|lat at any given time, auroral arcs tend

to lHe within a riarrow, roughly oval helt'which encircles the gecmagnetic pole, its

cen'er displaced about :1 degrees toward local midnight. This belt, shown in Figure

I ' is called the aur',ral oval. (See also Figure 11-4., it is (roughly) the pro-

Ltkon of the neutra: 3beet within and the magnetopause surrounding the geomagnetic

tai;; , is thereforp .no: reasonable to define the polar cap, whence originate all

the field 'ni .ra,si-r. oui to form the tail; as the area enclosed by the auroraloval.

As the( rth . 'vt , the aurural oval sweeps over a large geographic area, as

shown in , `rurt I.-; -Ie oval approaches to within 2 degrees of the geographic pole
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Figure 11-42. Location During Moderate Activity (Q 4) of the
Auroral Oval. Dark shading indicates the oval at 0800 UT, while
light shading indicates the area swept over by the oval during the
day jbased on data of Feldstein, as plotted by Feldstein and
Starkov, 1967, and Akasofu. 19681

and dips as far south as 540 geographic latitude. Because of the elliptical shape

and the displacement of the oval relative to the geomagnetic pole, a magnetic ob-

servatory may fall above, orn, oir beluw the oval during the co,,rse of the day, even

if the oval retains a constant size. Apart from this diurnal motion, the size of the

oval does vary with changing magnetic activity, contracting poleward in quiet

periods and expanding equatorward during increased a~tivity. The so-called

auroral zone, a circular belt centered on 670 geomagnetic latitude. which earlier

was incorrectly thought to be the inbtantaneous location of maximum auroral acti'-

ity, is simply the average location of the midnight sector of the oval (where, sta-

tistically, auroras are most frequently obser-ed). In the oval near local midnight,

the aurora is alwa/s present, even on the quietest da,s, the quiet form being the

steady "homogeneous arc". The more intense and active forms occur witlh
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geomagnetic disturbance. Particles are precipitated into the atmospherc, do%1

field lines which pass near the inner edge of the neutral sheet, and create the

familiar visible forms as well as a greatly enhanced io,,ization. Where it has been

possible to establish that auroras in the northern and southcin hemis-pncres lie at

opposite ends of the same field line, they have been observed to be strikingly simi-

lar and well correlated in time.

The auroral activity accompanying a magnetospheric suuotorm follows roughly

the same time schedule for g, owth and decay as the substorm as a whole, reaching

a peak within about 30 minutes of its commeneernet. It begims near lohal midnight

and spreads explosively toward both r irlier and later lcal times and aso polewal d

and equatorward. Auroral substorms arc especia_!y important to geomagnetic phe-

nomena because the enhanced ionization albi:g the oval determintes the cordigurarion

of the auroral electrojet discussed below.

11.6.3 Magnetic Substorni

The most common magnetic disturbance wiJiA1 indicites t,.e occurrence of a

magnetic substorm has been termed a "bay" becaus.' of its appc rince on rnagne-

tograms. Figure 11-43 shows a,: example in which two substornis uccur, with a

separation of about 7 hours. The four stations for which n-agnetogram& are sho.Vn

were all located on the aur-oral oval, and the sutlstorms appear do negative hays.

(Magnetograms, not shown, for other stations above and felnw the ,,.-! nxi'ibit v;-e y

different behavior.) The disturbance field is caused by iono}:Arve- na,,etusp-eric

currents; it can be explained by an equivalent current system (that is, one a&loving

ionospheric currents only) resembling that shown in Pigure 11-44. Although cfr-

rent patterns derived by various investigators differ, partly becaus!. definitions tf

the disturbance field differ. : common feature is a sharp concentration of currett

along the auroral oval, usually with four vortices in the polar and subauroral re-

gions. This current, the auroral electrojet, is intense, impulsive, and concentrated

during substorms, weak and diffuse on quiet days. It is most intense in the post-

midnight sector where it flows westward; its character in the afternoon sector,

where Fig-urc 11-44 show6 an eastward flow, is still poorly established and contro-

versial.

It is now clear that magnetic substorms are driven rather directly by the inter-

action of the solar wind and magnetosphere; data from synchrojous an, low polar-

orbiting satellites cc firm that the currerts flow in and out of the ox al through tile

magnetosphere, so the equtvalent ionospheric system bears a limited resemblance

to the real case. The actual electrojet system probably resembles the simplified

configuration sketched in Figure 11-45, which is somewhat similar to several pro-

posed much earlier (for example, Birkeland 191113] mind-Alfven 1939]), Currents flow
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Feldstein. 190CJ

down into the late-morning and up out of the afternoon-evening auroral oval along

closed field lines which lie near the trapping boundary. The concentratration of

current in the oval, particularly in active auroras, results from enhanced conduc-

tivity; however, since conductivities are no. negligiole elsewhere, the current

probably spreads over a rather broad belt, and currents across the polar cap are

present.

The source of the electrojet current is now widely believed to be the assymetric

component of the ring current respor-ible for the main phase. The ring current

has been observed directly and appeal s to extend from below 3 Rle outward to ihe

trapping boundary and the neutral sheet, the inner portion consisting of protons
with energies above 100 keV and the outer portion consisting mainly of protons with

energies of 50 keV or less. The growth and decay of the latter population during a
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Figure 11-44. An Equivalent Current System De-
rived for an Average Polar Magnetic Substorm
(redrawn after Silsbee ar Vestine, 19421
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Figure 11 -45. Sketch ofa Simplified Probable Con-
figuration for the Auroral-Electrojet Current System
[drawn to be roughly consistent with Figure 11-44
and a aescription by Akasofu, 1968]
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moderate storm is shc n in Figure 11-,.. The current develops asymm'-rtically.

with an initial excess of protons within the afternoon-evening sector of the magnetr -

sphere. It is Ilk ly that the electrojet sydtem of Figure 11-45 is completed in a

way resembling that shown in I gur. 11-47; with each substorm. the eleLtrojet

closes the ring-c- rront circuit for the axcess particles unot1 the ring currentagaii1
becomes symmeti ical with all current encircling the earth.

7-

I I
6 1\

-\Figure 11-46. Directional Inten-
sities of Ring-Cur"'-- Protons

S(Energies Betweei and 49 keV)
cI, / s a Function of Mignetic-S-hell

A- 'arameter L During Severa- Phases
C I' of a Magnetic Storm in July 1966;

•4 •r j [rjd, awn after Franl, .067]
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The origin of the ring-current protons and the mechanism by which energy from

the solar plasma enters the magnetosrhere are not yet understood. Direct rapid

entry of solar plasma into the region of the ring current is prevented by the mag-

netic field. Moreover, the fast and explosive nature of substorms implies that

energy must somehow be stored up within the magnetosphere and released abruptly;
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Figure 11-47. A Three-Dimensional M~odel of the Asyminetric-Eing-
Current System During a Magnetostpheric Substorni (redrawn after
Akzisofu and Meng, 1969]

therefore, the substorr-1 is fAndarnentally a process internal to the mragnetosýpher,!

Too many (about a dozen) theories are under consideration to permit a useful cor>-.
parison here. It may be noted, however, that they gerierally fall into two categories

relative to the origin of the electric field which drives the currents; in thle first i
is thought to arise froin the space charge associated with the asymmetry of thle

ring-cui rent particles, whilIf in the second it is thought to result from flie coflveu-~

tive moction of magnetospheric plasma.
P ri-'r to the last decadle it was comimonly believed that all polar magnetic disz-

turbance was of the type associated with the aurora] electrojet. More recentijv,

however. a second type has been discovercd, distinguishled from the first by its

independence of the electrojet [Nishida and IKokubun, J971]. An exampie is shown

in Fig-,ire 11-48. Thle disturbance i., not confined to the polar cap) but is worldwide,

coherent from polar to equatorial regiorns, ;is can be seen inl the magnetograms at,

8'f anid -1, latitude. (On tile -ragrietogranm fromi College, in the aiuroral v.one, it

i., obscured by the larper relectroicot disturbance.) Its time scale is typicallY an
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Figure 11-48. Example of DP2 Mlagnetic Disturbance,
as Shovm.r in Polar, Equatorial, and Auroral-Zone Mlag-
netograms (2nd. 31-d, and 4th Traces, Respectively).
The DP2 component is shaded where clistinguishable.
The first trace showvs the southward (Zse) component of
the interplanetary field, plotted with a time lag of 10
minutes [redrawn after Nishida, 19681

hour or more, slower fluctuiationls being difficult to distinguish from the Sn varia-

tion. The general configuration of its equivalent culrrent system is shown im

Figure 11-49. Again. various investigators have defined the -listulrbance field in

dlifferent ways and have obtained somewhat differing configllrations; currently, these

fields, bear a variety of namles (for example, DPC. flP2, 1) e Sqp SIP, and SI')

hut they clearly all have much in common and cannot result from independent

physical processes. It has heen prnpnsed [Ohayashi, 19~671, hut not yet generally

agreed, to call the disturbance field arising from the electroict !)l' 1 and to call
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Figure 1.1-49. The Eqluivalcri. Current System De-
rived for DP2 MNagnetic Disturbance [redrawn
after Niishida, 1968]

the second type D11'2. While it is possible that more independent modes mnaY be

found to exist, it appear, that polar disturbances observed to date can be explaine

by superposing DP 1 and DP2 on the polar' extension of known~ lower-attitude (par-

ticularly the Sq) current systems.

j, 2 car-elates strongly, (a 10-minute delay, how shock to ground) with the

southward component of the inter planetary field but not withi other parameters. The

DP 2 electric field is dawni-to-duisk in the ionosphere, consistent with a da,.n-to-

dusk field across the magnetosphere. These observations suggest that D112, like

DP 1, result s from a large-scale mu~gnetospheric process, for example, fielJ-line

reconnection and magnetospheric convection (see Section 11.7.2). Although UP I

andl D112 can occur together, a correlatinai with the general level of activity is

found. T~oth D13 1 and )P?2 are absent during quietest periods, DP 2. is detected

dluring slightly disturbed periods, aal D1)1' 1 dominates during mere disturbed per-

iods. While the two type., are clearly indepcendent, in the sense that DPZ Currents

flow ilirertly ac:rosF the aiurorail oval to suhauroral latitudes, both are similarly

dependent on the conditior: of the interplanetary magnetic field, and it is very imn-

prohable that they have wholly independent causes. T)P2 should probably be con-

sidered to be one mnore manifestation of the magnetic substorm.
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11.6.1 Rapid FiNel im

.micropulsatlons are rapid variatio..s of the surface magne wc field (periods

fiut,ii, less than one te everal hundre(d sec Ads) ' delic ar. lbserved by ground-

based magnetorneter• ds a typ f geoma,;rctiir disturbance. Similar variations

are observed in the rmagncto.p..crc by satellite instruments. They are ultra-Kow-

frequency (MtI') electromagnetic waves, an, since their frequency is below the

ion-gyro frequency of the ruagnetospheric piasnma. they propagate as hydrooag-

netic waves. Th. v are generated in the rnagUntosj ere (and also the ionosphere)

aml travel to the surface of the coi,' through the plaisma. Earlier classifications

and comnmon names for particular types of pIlsations havc largely [een replaced

by the new .ci; me given in Table 1i-3. A r(ugh indication of the natural nicro-

pulsation pectwrn, (averaged over spatial am- temporal vmriationm, is given in

Figure 11-50, which shows a natur'al sep.tratinn into sev-er;l hands.

Table 11-?. Clhts ficaoitm nf \1 ieropul atimaus

'V:t' [f)escr'!)tron -and ra -v rld CldS!i(At,'.
-r of e{eriod kin se-onds, and ,er na,,s in, 1 '.'d

*• uorti• mii % u.? - " r
' ' ( T,n;i t,•,MA\.
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"1Iy-. 1 ,f -C *'stoI) - p

p), aun'/ t s.OU -.; I. - ': " Pr or 'I' (•""otf P(

""aC '•s I II.

""r. -t Vt 'i. k -,1 1 -,
(r1 r+..lru oi - II)' p[ "+' .t61 ;V

''sc:i•: lar C)q - PGO "It "• ".:)r r ''

U I

II I

Wi



83

FREQUENCY (Hz)
o03 to'1 I0-2 I 10 102 I0o 1 O 10'

Io2L
01
E

EJ o-

I0 U L I U

"L CL 0- :(1:c~.•

5Z WHIbIL -!RS

o 0.3 I I
• I"ELF HISS 1IH1ISS

L ULF -- ELF VLF

10000 i00 1 0.01 u.CO01
PERIOD (seconds)

Figure 11-50. A Rough Indication of the Spatial-Temporal Average
Spectrum of Observed Micropuisatious frt ".-awn after ,'arnpbell,
1967]

At middle latitudes, Pi-2 pulsations predominate; however, these ia,,e t!,';r

maximum amplitude in the auroral zone and are observed most frequentlh at about

2200 hours local time. They occur during the early phase of polar mnagno.tic sub-

storms, and their period becomes shorter as the general level of the disturblnce

increases. At high latitudes, nlsationo Lave more complicated characteristics.

Various types vre observed in , ssociation with auroral substornis, electron prcci-

pitation, X-ray bursts, and other disturbance phenomena, often being secen rnonl\-

within certain ranges of local time, Most 'c- I pujlsations appear to originnite at

the plasmapause in association with an observed spatial fine structure in the proton

density dis:tribution [Kikuchi and Taylor. 1072]. Most Pc-3 pulsations are prottbly

generated by ,.scillations of the dayside magnetopause [lieppner e, al, 1970]. Pr-4

and lPc-5 pulsations may result from particle iniertion into (or Instabilities of) the

main-phase ring current of magnetic storms [IHarfield vf ;J1, P1721. Explanations
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for some other types have also been advanced. In general, however, the origin of

micropulsations is still poorly understood, and a detailed discussior is beyond the

scope of this review. Useful reviews have been given by Campbell [1967] and

Akasofu [1968]. Magnetic-field oscillations at higher frequencies (ELF and VLF)

are also observed on the ground and (more recently) in the magnetosphere, as

noted in Figure 11-50. Cavity resonances result from lightning discharges which

resonate in the spherical waveguide formed by the ionosphere; therefore, they are

not observed throughout the magnetosphere. A whistler is a noise burst from a

lightning stroke which does propagate through the magnetosphere. VLF hiss (also

called "auroral hiss") is unstructured noise believed to result from plasma oscil-

lations or Cerenkov radiation from patricle precipitation. Chorus and ELF hiss

are structured and unstructured noise, respectively, which appear to result from

local instabilities of the magnetospheric plasma near the equator. Satellite mea-

surements of ELF and VLF fields have been reviewed by Russell, et al [1972] part

of whose tabulation is reproduced in Table 11-14 of Section 11.8.4.

11.6.5 Ionospheric Disturbance

Ionospheric disturbance is a departure of the ionosphere from its normal con-

dition; an ionospheric substorm is the ionospheric manifestation of a magnetosperic

substorm. Enhanced ionization is usually detected by the riometer (for relative

ionospheric opacity meter), a standard ground-based instrument which monitors

the ionospheric absorption of galactic radio noise.

The involvement of the ionosphere in some types of magnetic disturbance has

already been noted in the foregoing discussion. '[he disturbance produced in

auroral-magnetic siu)storms is called auroral absorption and occurs in the D region.

Auroras also cause the so-called auroral sporadic E, an enhanced E-region ioniza-

tion which is concentrated, probably by a wind-shear phenomenon, into very thin

layers. Brief enhancements of the D region in the auroral zone at all local times

are also produced by sudden commencements through the precipitation of energetic

electrons. Decreases in F-region ionization called F-region storms accompany

geomagnetic storms, displaying both storm-time and local-time variations corres-

ponding to the Dst and DS magnetic fields; as possible explanations, atmospheric

heating with redistribution of electrons, redistribution of oxygen to affect charge-

exchange reaction rates, and redistribution of ionization by electric fields have been

proposed.

Two types of ionospheric disturbance produce a measurable magnetic disturb-

ance but are associated not with magnetospheric storms but with solar flares.

Polar-cap absorption (PCA) results from an increased ionization produced by the

bombardment of the polar-cap atmosphere by solar-flare protons which typically

have energies between one and tens of MeV. The enhancement usually begins a few
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hours after th, flare and lasts for several days, the persistence apparently result-

ing from the storage of protons in interplanetary space after the flare is over.

Sudden ionospheric disturbance (SID, also called short-wave fadeouts) and solar

flare effects (SFE, also called crochLts) are, respectively, the iunospheric and

magnetic disturbances produced by solar-flare X rays of energy grea.ter than

1 keV. The enhanced ionization is produced over all of the dayside (illuminated)

ionosphere, predominantly in the D region. (Less energetic X rays produce a

smaller E-region enhancement.) The disturbances are prompt, coincident in time

with flares, and typically last for about an hour. As shown in Figure 11-51, the

disturbance and its equivalent current system are confined to the sunlit region.
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Figure 11 -51. The Ionospheric Current System of a Solar-
Flare Effect Occuri-ing Near Winter Solstice (12th December
1958). For an SFE on 29th July 1958, the northern vortex
was much more intense than the southern [redrawn after
van Sabben, 1981]

11.6.6 Activity Indices and Charts

For correlating phenomena in related geophysical fields, the magnetograms and

averaged data supplied by magnetic observatories are usually too detailed, and it

has been found useful to compute some numerical parameters which indicate the

level of general magnetic activity or specific types of disturbance. Various activity

indices have been used; as understanding has increased and specific types of
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activity have been di.-tinguished, new indices designed 'o he a measure of these

have been defined and adopted. A brief description follows f r those Ind ces which

are currently in wide use or are important historically. Figure 11-52 helps illus-

trate the derivation of and relationships between a number of the indices. A more

detailed review has been given by Lincoln 1196 71.

0 a

aog fWoW, am .Ao

5, a observatory X
S•131! Remove local effects

cof SqEL.DR,etc

lIZSame as for peiu
observatory

._ ( - Take maximum range

.• ^ • • Take observed minus
quiet H iield

Z0H Fin disturbnEGEND

00: field3Take maC deviations

Figure 11-52. .Summary of the I)et'ivation of and Relationships
Between a Number of Activity Indices
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The K indcx (adopted 1939) is a measure of the irregular variations of standard

magnetograms and is used as an indicator of the general level of magnetic activity

caused by the solar wind. Each observatory computes a value of K for each 3-hour

interval from the largest 3 -hour range R in X, Y. D. or H, where R i- the difference

between the highest and lowc-st deviations from the regular daily variation. Since

observatories in or near the auroral zone record much larger variations than

others, the correspondence between K arid R is adjusted for each observatory to

permit comparison of K values from different stations. A two-letter subscript

(for example, KSI for Sitka) is used to identify the station. K values are integers

ranging from 0 through 9; the calibration for six representative stations is given

in Table 11-4; the K scale was originally based on data from Niemegk (520 04'N,
12040'E) which has the same calibration as Fredericksburg. It may be noted that

the K scale is quasi-logarithmic. The K index from Fredericksburg, Virginia,

(KFR ) has been taken as a standard measure of geomagnetic activity for the United

States.

Table 11-4. Definition of the K Scale for Several Representative Observatories

Name of Geoeaqnetic Lower limit of R (In qamnmas) for K value to be
Observatory Lat. Long, 0 1 2 3 4 5 6 7 8 9

Godhavn 79.9 32.5 0 15 30 60 120 210 360 600 1000 1500

Sitka 60.0 275.3 0 10 20 40 80 140 240 400 660 1000

HuancayO -0.6 353.8 0 6 12 24 48 85 145 240 400 600
Fredericksburg 49.6 349.8 0 5 10 20 40 70 120 200 330 500
Tucson 40.4 312.2 0 4 8 16 30 50 85 140 230 350

Honolulu 21.1 266.5 0 3 6 12 24 40 70 120 200 300

T1ne Kp index ("p" for "planetary") was intended to measure the worldwide

average level of activity and is currently much used. In fact, however, its corre-

lation with solar-wind parameters and specific types of magnetic activity vary

widely; it is often a good measure of certain auroral-zone activity but a poorer

measure of polar-cap disturbance. It is based on the K indices from twelve

selected stat-ons between geomagnetic latitudes 480 and 63'. Values of K are first

used to compute the Ks index ("s" for "standardized"), from tables which retlect

the characteristic seasonal behavior at the station and thereby remove local varia-

tions. The Ks index rpnges continuously from 0.0 to 9.0 but is quoted in thirds of
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an integer, using the three symbols, -. o, and +, as follows. The interval from

3.5 to 4.5 includes the Ks values 4-, 4o. and 4+, and other intervals are corres-

pondingly defined, so Ks can assume 28 values: Oo. 0+, 1-, lo, ... 8+, 9-, and 9o.
The Kp value for each 3-hour interval is the average of Ks from the 12 stations.

To compare activity in the northern and southern hemispheres, three additional

indices, Kn (northern). Ks (southern; confusion with the standardized Ks must be

avoided by context), and Km (mean; normally about equal to lKp) have been defined
on the basis of separate data from the two hemispheres [Mayaud, 19681. They are

not widely used.

Because the 3-bour K, Ks, and Kp indices are defined with a quasi-logarithmic

scale, they are not suitable for simple averaging to obtain a daily index. (Still,
this is not uncommonly done, in spite of the illogic.) To convert to a roughly linear

scale (that is, reconversion to an equivalent range), the ak index: is defined from K

and the a_ index from Kp as indicated in Table 11-5. The average value of ak or ap

over the eight 3-hour intervals in a day is then defined to be the daily Ak index or

Ap index, respectively (single-station or planetary).

Table 11-5. Equivalent Ranges ak and ap for Given Values of K and Kp

I f K= C 1 2 3 4 5 6 7 8 9

then ak= 0 3 7 15 27 48 bu 140 240 400

jIf Kp= 00 0+ 1- lo 1+ 2- 20 2+ 3- 3o 3+ 4- 40 4+
then ap= 0 2 3 4 5 6 7 9 12 15 18 22 27 32

If Kp- 5- 5n 5+ 6- 60 6+ 7- 70 7+ 8- 8o 8& 9- 9o
then ap- 39 48 56 67 80 94 111 132 154 179 207 236 300 400

The ak and Ak indices are often quoted in units of gammas (range of field

strength) by multiplying by a calibration factor f for the particular station, given

by f = R9 /250, where R 9 is the lower limit of R for K=9. Thus, at Fredericksburg,
f = (500 gammas)/250 = 2 gammas. As anexample, ifR = 27, thenK = 3, andak = 15.

or ak = 15 X 2 gammas = 30 gammas. Begun in 1951, the indices ak, Ak, ap, and
Ap are currently in wide use.

The Cp index, called the daily planetary character figure, is a number ranging

continuously from 0. 0 to 2. 5, quoted to tenths of an integer. At is found, using

Table 11-6, from the daily sum T, ap (that is, the sum of the eight 3-hour values of
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ap) used to compute Ap (Ap = EapiB). It restores the quasi-logarithmic relationship

originally introduced by the Kp scale and later removed by the ap scale. The

peculiarity of its scale results from the intention that it replace, yet be equivalent

to, a valuable older index, the Ci index, called the international daily character

figure which is available for all days since 1884; while Cp is more reliable and

objective than Ci, they usually differ by less than 0.2. For each Greenwich day.

the Ci index is the a-ithmetic mean of C index values from a number of observa-

tories; at each observatory, the C index, called the daily magnetic character index,

is reported as 0, 1. or 2 according to whether the UT day is quiet, moderately dis-

turbed, or highly disturbed, respectively.

Table 11-6. Scale for Finding Cp From the Daily Sum of ap. For each Cp interval,
the value listed is the upper limit of the daily-sum values included in the interval

If Zap< 22 34 44 55 66 78 90 104 120 139 164 190 228
then Cp- 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

If Zap< 273 320 379 453 561 729 1119 1399 1699 1999 2399 3199 ---
then Cp- 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5

The C9 index is sometimes used, especially for graphing, in place of Cp or Ci;

it is found from either according to the scale given in Table 11-7, which converts

from the 0.0-to-2.5 scale to the more familiar single-digit 0-to-9 scale.

Table 11-7. Scale for Finding C9 From Cp or Ci

!f Cp or CI= 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.5 1.9 2.0
0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.6 2.1

1.4 1.7 2.2
1.8 2.3

2.4
2.5

then C9. 0 1 2 3 4 5 6 7 8 9

Several newer indices now in use provide better time resolution than those

based on the 3-hoir K index, but their availability is nmore limited. The Q index is
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a measure of high-latitude magnetic activity for each 15-minute interval; it is

assigned by a number of observatories above 58' geomagnetic latitude. It is com-

puted, from the more disturbed of the elements X and Y, as the sum S of the abso-

lute values of the maximum positive and maximum negative deviations from the

normal (quiet) curve, with the provision that if the "negative" (oWe "positive") de-

viation does not indeed become negative (or positive) it is considered to be ?ero.

The conversion scale for obtaining Q from S. applicable to all stations, is given in

Table 11-a.

Table 11-8. Scale for Finding Q From S. Listed values of S (ir -nmas) are the
upper limits for the corresponding values of Q

If S< 10 20 40 80 140 240 400 660 1000 1500 2000 '.•

then0Q 0 1 2 3 4 5 6 7 8 9 10 11

The AE index, called the auroral electrojet activity inde&, is derived from data

of a number of auroral-zone stations distributed in longitude. It is intended to
measure the strength of the auroral electrojet. It is tabulated for hourly and (to
som,.e ex-teut) 2.5-i'iinut� inLvrvals. Obtained graphically from a single combined

plot of the deviations, at all stations, of the element 11 from its normal quiet-time

value, AE is the height of the envelope (that is, the difference) between the curves

AU and AL (for "apper" and 'lower") drawn through the maximum and minimum

excursions of the deviation, respectively. Another index, called A o is the mean

deviation, defined by the curve midway between AU and Al.
The Dst index is the magnitude of the (normalized) horizontal component of

the Dst field, as determined from the data obtained by a number of low-latitude

observatories well distributed in longitude. "Ibe Dst index is designed as a measure

of the magnetospheric ring current o" magnetic storms; therefore, high-latitude and

equatorial stations are avoided to minimize the effects of auroral and equatorial

electrojets.

Several older indices are seldom used, either because newer indices are more

useful or for other reasons. The indices U. u, ul, and A are all derived from the

difference between consecutive daily means of some element of the field. The U

figure is the absolute magnitude of the difference between the daly means of the

horizontal component for the given and preceding days. The u figure is a reduction

of U tz) an equivalent equatorial value by the relation u = U/(sin cos d ), where

A n is geomagnetic colatitude and d) is the angle between H and the magnetic
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meridian. The u figure is obtained from u by the nonlinear conversion given in

Table 11-9; the scale is intended to reduce the influence of large disturbances. The

indices U, u and it, have been useful historically *or monthly and annual changes,

but since they were intended to measure ring-current effects the Dst index has

largely superseded them. The f indices described by Chernosky [1956] have not

been widely used.

Table 11-9. Scale for Finding u1 From u. Listed values are points on a continuous
curve which may be plotted for interpolation

If u- 0.3 1.5 0./ 0.9 1.2 1.5 1.8 2.1 2.7 3.6

then ul- 0 20 40 57 79 96 108 118 132 140

The W measure applies to quiet variation fields rather than disturbance pheno-

mena, being derived from the amplitude of the Sq variation; it is a measure of solar

radiation effects and the intensity of the equatorial electrojet (see Bartels (19461).

Several graphical presentations of activity indices have been widely used.

Figure 11-53 shows an example of the musical-note diagram originated by Bartels,

which is a plot against time of the 3-hour Kp values, grouped by successive solar

rotations to expose 27-day recurrences of activity. Figure ll-n4 shows a similar

plot of the C9 index (including also the sunspot number R9).

Recently, to encourage interdisciplinary analyses of solar-terrestrial activity,

a project was commenced to produce a series of Solar-Terrestrial Activity Charts

(STAC) of three types: yearly (STAC-A), 27-day (STAC-B), and special-event

(STAC-C). Examples are shown in Figure 11-55, which is the preliminary yearly

chart for 1966, and Figure 11-56. which is the 27-day chart for solar rotation 1839.

For a detailed explanation of the quantities plotted, refer to STP Notes. Nos. 7. 8

and q as listed in Section 11.8.9.

As understanding of disturbance phenomena improves, new indices will no doubt

prove useful; for example, Saito [1964] and others believe that an index of Pc-3

pulsations would serve as a good indicator of activity taking place on the dayside

magnctopause.

A listing of principal sources for all of the indices and charts described above

is provided in Section 11.8.9. Current availability and alternative sources may be

determined by enquiry to those listed.
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11.7 D)YNAMICS OF TIlE OUTER MAGNETOSPHERE

An understanding of the configuration and dynamic processes of the outer mag-

netosphere is clearly essential to explaining the disturbance phenomena d :-ussed

abcve. In particular, the explosive onset of substorms with the rapid relp ,'? of

large amounts of energy implies a b-sically internal process th the storag.: -3f

solar-wind energy within the magnetosphere, probably in 4 1Ietic tail.

Many processes have been explored theoretically, and some are•ieved, in fact.

to occur, though at present no theory is satisfactorily consistent with all observa-

tions. The more important of these processes are noted here, along with a more

detailed description of the magnetic field configuration.

11.7.1 Configuration of the Magnctosphere

The near-earth configuration of the magnetosphere is shown in Figure 11-4

and 11-57, the latter showing schematically (only roughly to scale) the separation of

polar-cap field lines which form the geomagnetic tail from closed dipole-like field

lines which enclose the trapping region. The neutral sheet in the tail (across which

the field reverses) has a thickness of less than 1 Re while the plasma sheet sur-

rounding it is about 5 Re thick at the center and about 10 Re thick near the mag: eto-

pause. Beyond about 20 R e the size of the tail is roughly constant, the dimension

in the plane of the neutral sheet (about 40 R c) being less than the dimension perpen-

dicular to it (about GO R ). It is now generally agreed that the tail has an "open"e
rather than a "closed" configuration; that is, most (or all) field lines in the tail are

S~~~~~~~Neutral L'--"• -"/\

-' Magnetopause ,

l \ I

'•--•I• •t" 1, Sheet .,

Figure 11-57. Sketch of the Configuration of Field
Lines Near the Magnetopause and d Cross-Section
of the Geomagnetic Tail
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connected to the interplanetary field. The shape is well defined to a radial distace

of at least 80 Re . but it appears to break up into filaments before it reaches 500K e.

The magnitude of the tail field is about 16 gammas at 20 Ri but about half that at 80

R1. During the main phase of a storm, the field may double, partly becausr. equa-

torward expansion of the polar cap adds flux to the tail and partly because the tail

is compressed. The tilt of the dipole axis causes tho actual field-line configura-

tion to be considerably skewed from the symmetric one shown in previous figures.

Figure 11-58 shows the distortion inferred from satellite observations. Details of

the field in tile neutral sheet and magnetopause are discussed below.

ASMXI

-5L LASTANCES ARE

DIPOL E AXIS IN UNITS Of RE

Figure 11-58. Distortion of the Geomagnetic Tail by the Tilt
of the Dipole Axis lielati'-e to tfhe Solar Wind [adapted after
Speiser and Ness, 1967]

11-.2 Reconnection and Convection of Field Lines

By convection is meant the motion of field lines apart from that which they

would have if they remained rooted to the surface of the earth. It is a useful con-

cept both because it affords a convenient way to visualize the physical picture and

because it reduces the numbu r of variables in the magnetohydrodynamic equations

which describe theoretical models. Of course, it is meaningless to speak of field

lines moving if they are indistinguishable, as in a vacuum. However, in the mag-

netosphere, a field line may be identified by the particles associated with it, and

the concept of convection essentially involves a transformation in which the field

line is considered to move with the bulk flow of the plasma. The alternative

mathematically equivalent viewpoint is that plasma drifts across a stationary mng-
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netic field, driven by an electric field. The transformation, therefore, is to a
moving coordinate system in which the electric field disappears. Field lines at

the surface of the earth are frozen into the interior and remain stationary, while
field lines in the conductive magnetosphere are frozen into the magnetospheric
plasma and convect; surface and magnetospheric lines disconnect and slip (inter-

change) relative to each other in the atmosphere, which is a very good insulator.

The electric field associated with the convection may be detected by a stationary
observer in the atmosphere.

Convection occurs throughout all of the magnetosphere. with the exception of a

small volume near the earth. The plasmapause, shown in Figure 11-59, is believed

(at least approximately) to be the surface which separates the convecting and (except

for the bulge) nonconvecting regions. It typically lies on subauroral field lines

originating at about 600 geomagnetic latitude. Field lines within it iamain closed

and plasma is contained; field lines outside it are eventually convected into the tail,
their feet within the polar cap, and plasma escapes. Current experimental results

indicate, however, that it is a multilayered and variable boundary, and dynamic

processes are not excluded from its interior. The convective motion must be

1Each point is
an OG1 3

crosin

A 6 OR ' ', 06

[ Data 1966 Oa Ku 3
Tayr 1Average91966-7

)00

Figure 11-59. 'Ihe Average Location of the Plasma-
pause in the Equatorial Plane, as Originally Deter-
mined From Whistler Data in July-August 1963 and
as Observed by the (CG; 3 Spacecraft in 1966-1967
[redrawn after Carpenter, 1966, and Kikuchi and
Taylor, 19721
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driven by the so)ar wind through a tangential force on the magnetopause. It is now

widely agreed that this force Is magnetic and arises from field-line reconnection

(also called merging or annihilation), that is, a process ir which interplanetary

field lines sweeping past the earth become connected to lines originating at the

surface of the earth and pull them along with the solar wind. Thus, on the nose and

equatorial flanks of the magnetosphere, closed field lines are pulled back into the

tail, while over the poles field lines are drawn across the polar cap in a roughly

antisolar direction. Superimposed on this motio. is that due to the rotation of the

earth, since. in the atmosphere, field lines are not completely unconstrained but

are. to some extent, tied to the surface. The strength and variatior of such field-

line tying may be a major controlling factor in the convection process, In a very

rough schematic way. Figure 11-60 indicates a possible convection pattern; in

successive panels are shown the field-line motion due to (a) rotation alone, (b) the

tangential force of the solar wind, and (c) the composite of the two. The actual con-

000 " , Ct 1, /

"-- ------------- -- -- -- --- -- --- -- -- -- -- --

the- Ma ----t---"s., an th opst f ThsTw.Ptenar

show for (tpt\ot h oa a (iwdfo h ot) h

/ Q\\

q ) t ft, \It".

Figure 11-60. Convection Pattern in the Magnetosphere Expected
From (Left to Right) Rotation of the Earth, Tangential Forces it
the Magnetopause, and the Composite of These Two. Patterns are
shown for (top to Lottom) the polar cap (viewed from the north), the

equatorial plane (viewed from the north), and a cross--section of
the tail (viewed from the sun)
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vection pattern is not yet known in detail and may prove to be considerably different,
but it is likely to bear a general resemblance to that sketched. The occurrence of

convection implies the existence of the electric fields, ionospheric cur.-ents, and

contributions to the surface magnetic field which were discussed in preceding sec-

tions. Observations of these are roughly consistent with the postulated convection

but are currently inadequate to yield a detailed and unambiguous picture of the con-

vection process.
In the vicinity of the earth, the direction and magnitude of the interplanetary

field are highly variable. The field in the ecliptic plane has a spiral configuration

and is typically divided into sectors around the sun in which the field is alternately
inward and outward; the componznt perpendicular to the ecliptic may be southward

or northward. Therefore, the rate, location, and configuration of recor-cction at

the magnetopause is variable and asymmetric. In Figure 11-61, the earth is shown

in a sector where the interplanetary field is outward with a southward component.

Reconnection is occurring somewhere on the dayside part of the magnetopause. The

fleld line labeled A may be thought to have reconnected near the subsolar point and

been swept back to the configuration shown; field lines B and B' are about to recon-

nect and be swept around the magnetosphere. The direct entry of solar plasma and

energetic particles into the tail is afforded by lines such as that labeled C; the

curvature of such field lines becomes low enough for energetic particles to enter

A'A -

fN

to su

-- Field lines

---.- Magnetopause
............. Neutral sheet

Figure 11-61. Reconnection of Magnetospheric and Interplanetary Field Lines,
Shown Schematically (Yot to Scale) fo the Earth in a Sector ol the Interplane-
tary Field Which is Outward With a Southward Component
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without being scattered magnetically only after they have been swept well back into

the tail (for example, more tt-an 60 Re for 20-keV electrons). Since the magnetic

flux in the tail must. on the average, remain constant, reconneotion at the magne-

topause must be equaled by reconnection (disconnection) at the neutral sheet. That

is, a closed field line (a line with both ends originating at the earth,', which has be-

come two open lines by reconnection to interplanetary lines at the Tnagnetopause,

must become closed again by reconnection of the two ends (disconnection from the

interplanetary lines) at the neutral sheet. Field line D has just become closed,

having disconnected from interplanetary line D'. The location at which this occurs

is believed to be a neutral line in the neutral sheet; at other points in the neutral

sheet the field should be very weak and directed northward or southward depending

on whether it is earthward or more distant from the earth, respectively, than the

neutral line. However, some observations conflict with the latter expectation,

suggesting that other neutral lines may be generated by local concentrations of the
neutral-sheet c,irrent into a series of filaments [Schindler and Ness. 1972]. The
resulting field configuration internal to the neutral sheet may resemble that shown

in Figlire 11-62.

It is not known whether convection is more or less continuous or whether its

rate fluctuates greatly. Moreover, over short periods of time, the rate at which

flux is added to the tail by dayside reconnection may not be equaled by the rate of

-Xs'

Figure 11-62. Configuration of the Weak Magnetic
Field Interior to the Neutral Sheet for a Model in
Which the Neutral-Sheet Current Has Periodic Local
Concentrations. The model yields agreement with
the observed statistical occurrencL of southward
values of Bz near Xsm = -301e [after Schindler
and Ness, 1962]
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annihilation at the neutral sheet; such an imbalance would exisc, for example, if

annihilation were inhibited by field-line tying in the nightside ionosphere, and

energy would be stored up for a time in the enhanced tail field. Whether this is the

energy source for substorms is not yet known, nor is it uqderstood how the explo-

sive release of such energy could be effected.

11.7.3 Hydroniagnetie Waves and Discontinuities

As alluded to above, the conductive plasma of the magnetosphere and inter-

planetary medium constitutes a multi-fluid (one for each particle species) hydro-

dynamic medium in which waves and austfaces of discontinuity may propagate. The

existence of hydromagnetic waves has been noted in discussing sudden commence-

ments and micropulsations. while ýhe existence of discontinuities has been noted in

discussing the magnetaspheric configuration and the features of the solar wind which

cause disturbance. Theoretical treatments of such phenomena (particularly in the

single-fluid approximation) have been considerably advanced in recent years.

Hydromagnetic waves may be classified as shown in Table 11-10. The threebasic

modes are illustrated schematically in Figure 11-63.

Table 11-10. Classification of Hydromagnetic Waves

Type of Wave v, v. G M

Basic Modes

.on acoustic wave nonzero zero ......
Alfven wdve zero nonzero zero nonzero
Maqnetoacoustic wave zero nonzero nonzero zero

Coupled Modes

"Fast" wave (Al fven zero nonzero nonzero nonzero
and magnetuacoustic
modes coupled)

General case (all non7ero nonzero ---
basic modes can
exist with counling)

v, and vL are the parallel and oerpendicular comoonents of the
center-of-mass perturbation velocity of the particles due to the
wave, G is a parameter which specifies tie pressure ,radient,
and M is a parameter which sqecifies the maonetic tensior.
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Ion acoustic

Alfven

Magneto acoustic

Figure 11-63. The Three Basic Modes for Hydro-
..agnetic Waves, Represented Schematically. Solid

lines are field lines; dots represent particle densi-
ties. Vectors B and k indicate field and wave-
propagation directions, respectively [after huriaga,

Discontinuities are classified as either shocks or 'stationary discontinuities,
depending on whether they do or do not, respectively, move relative to the plasma.
Shocks are classified as "parallel", "perpendicular". "fast", "slow", or "Alfv.n",

according to how they satisfy the condition for conservation of mass and momenta
across the shock surface.

B tP [vU)2 oVA 2 constant

where Bt = tangential field, P = density, v.j = perpendicular component of particle
velocity. U =:shock speed, and VA = Alfven speed; Table 11-11 summarizes the
classification. In the solar wind, shocks are r-dlitionally classified as "forward'
or "reverse", depending on whether they move away from or toward the sun,
respectively. Stationary discontinuities are either "tangential" or 'contact" de-
pending on whether the perpendicular component of the field is zero or nonzero
respectively.
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Most of these types of waves and discontinuities have been observed to occur

in the solar wind and/or the magnetosphere. for example, the bow shock of the

magnetosphere is a reverse fast shock moving in the plasma at a velocity just equal

and opposite to that of the solar wind. However, a review of such observed pheno-
mena and their theoretical treatment is beyond the scope of this discussion.

Table 11-11. Classification of Discontinuities

Criterion Satisfied
(both sides of

Classification the discontinuity)

Stationary Discontinuities
Tanoential discontinuity B.L 0

Contact discontinuity B. 0

Shocks
Parallel shock Bt 0

Pernendicular shock VA 0

Alfven shock (v.L - U)2 = VA2

Fast shock (v'i - Ij)2  V A2

[ni-n." shock] [P ) constant]
Slow shock (v, - U)2 < VA2

11.8 MISCELLANEOUS INFORMATION

11.8.1 Geomagnetic Stations

Table 11-12 presents a list of geormagnetic stations in operation during recent

years.
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Table 11-12. List of Geomagnetic Observatories
[compiled by World Data Center A]

Geomacnetic Geoqraohic
CSArI Lat. Lonq. Lat. Loaq.

No. Observatory Location SpOnsOr (0) (M) (0 *) (0 ,)

AOOl North Pole 6 Arctic Ocean USSR 70.6 197.4 80 S6 m 150 02 E
76.8 164.2 86 IS N 39 23 E

A003 North Pole 7 Arctic Ocean USSR 78.5 198.4 86 21 N 149 38 W
81.9 160.5 85 17 N 34 05 W

North Pole 8 Arctic Ocean USSR 71.0 230.0 75 32 N 162 47 N
71.5 213.7 79 06 N 179 23 E

North Pole 10 Arctic Ocean USSR 66.1 208.9 75 11 N 160 52 E
69.8 211.7 78 02 N 171 54 C

North Pole 12 Arctic Ocean USSR 69.7 217.8 76 50 N 179 59 E
74.9 215.0 81 19 N 194 26 E

A019 Arctic Ice Floe A Arctic Ocean USA 75.2 214.5 81 38 N 164 34 W
76.9 200.4 85 23 N 169 20 W

A021 Thule Greenland Denmark 89.0 358.0 77 29 N 69 10 W
A005 Alert Canada Canada 85.9 168.2 82 30 N 62 30 W
A030 Resolute Bay Canada Canada 83.0 289.3 74 42 N 94 54 W
A049 Godhavn Creenland Denmark 79.9 32.5 69 14 N 53 31 W
A028 Mould Bay Canada Canada 79.1 256.4 76 12 N 119 2A W
A070 Sukkertoppen Greenland Denmark 76.1 28.7 65 25 N 52 54 W
A044 Kap Tobin Greenland Denmark 75.6 81.6 70 25 N 21 58 N
A010 Nurchison Bay Norway Sweden 75.2 137.5 80 03 N 18 15 E
A018 Barentsburg Norway USSR 74.6 132.5 78 38 N 16 23 E
A099 Baker Lake Canada Canada 73.8 315.2 64 20 N 96 02 w
A009 Tikhaya Bay USSR USSR 71.5 153.2 80 18 N 52 48 E
A009 Hefss Island USSR USSR 71.3 156.1 80 37 N 58 03 E
A031 Bear Island Norway Norway 71.1 124.5 74 30 N 19 12 E
A132 Julianehaab Greenland Denmark 70.8 35.5 60 43 N 46 02 W
A104 Leirvogur Iceland Iceland 70.2 71.0 64 11 N 21 42 W
A045 Barter Island Alaska USA 70.0 253.1 70 08 N 143 40W
A122 Yellowknife Canada Canada 69.0 293.3 62 26 N 114 24 W
A145 Fort Churchill Canada Canada 68.7 7?2,R 58 4R N 94 05
AOflq parrcs. Alaska U!SA 68.5 241.1 71 18 N 156 45 wA047 Tronso Norway Norway 67.1 116.7 69 40 N 18 S7 E

A148 Great Whale River Canada Canada 66.6 347.4 55 16 N 77 47 W
A073 Fort Yukon Alaska USA 65.6 256.8 66 34 N 145 18W
A020 Cape Chelyuskin USSR USSR 66.3 176.5 77 43 N 104 17 E
A054 Abtsko Sweden Sweden 66.0 115.0 68 21 N 18 49 E
A059 utsJokf Finland Finland 65.8 122.9 69 45 N 77 02 E
A060 Kiruna Sweden Sweden 65.3 115.6 67 50 N 20 25 E
A180 Ivalo Finland Finland 64.7 121.9 68 36 N 27 29 E
A092 College Alaska USA 64.6 256.5 64 52 N 147 50 W
A102 BSo Delta Alaska USA 64.3 25q. 3  64 00 N 145 44 W
A118 Northway Alaska USA 64.1 263.8 62 58 N 141 57 W
A065 Sodankyla Finland Finland 63.8 120.0 67 22 N 26 38 E
A069 Kotzebue Alaska USA 63.7 242.1 66 53 N 162 36 W
A107 Healy Alaska USA 63.5 256.6 63 51 N 148 SB U
A074 MunMansk USSR USSR 63.5 125.8 68 15 N 33 05 E
A033 Dixon Island USSR USSR 63.0 161.6 73 33 N 80 34 C
A057 Lovozero USSR USSR 62.9 127.0 67 58 N 35 01 E
A140 Lerwick Scotland United Kinqdom 62.5 R8.6 60 08 K 1. 11 W
A1213 Pmoas Nurway Norway 62.3 100.1 62 04 N 9 07 E
A154 Meanook Canada Canada 61.8 301.0 54 37 N 113 20 W
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Table 11-12. List of Geomagnetic Observatories (contd.)

Geomagnetic Geographic
CSAGI tat. Long. Lat. Long.

No. Observatory Location Sponsor (*) (N) ( ,) ( )

AO0? Cape Wellen USSR USSR 61.8 237.1 66 10 N 169 SO w
A130 Anchorage Alaska USA 61.0 258.1 61 14 N 149 52 w
A037 Tixie Bay USSR USSR 60.4 19i.4 71 35 N 129 00 E
A149 Sitt Alaska USA 60.0 275.3 57 04 N 135 20 W
8038 Eskdalemuir Scotland United Kinqdom 58.5 82.9 55 19 N 3 12 w
8009 Love Sweden Sweden 58.1 105.8 59 21 N 17 50 E
A134 Nurmijarvi Finland Finland 57.9 112.6 60 31 N 24 39 E
8349 Stonyhurst England United Kingdom 56.9 82.7 53 51 N 2 28 W
8098 Valentia Ireland Ireland 56.6 73.5 51 56 N 10 15 W
8259 Leningrad USSR USSR 56.2 117.3 5g 57 N 30 42 E
8114 Rude 5kov Denmark Denmark 55.9 98.5 55 51 N 12 27 E
8249 Agincourt Canada Canada 55,1 347.0 43 47 N 79 16 w

Newport USA USA tS.l 300.0 48 16 N 117 07 w
8119 Hartland England United Kingdom 54.6 79.0 51 00 N 4 29 W
8058 Wingst German Fed R German Fed R 54.6 94.1 57 45 N 9 04 F
8326 Warkenhagen German Dews R German Dem R 54.4 96.1 54 01 N 11 04 E
8159 Victoria Canada Canada 54,2 293.0 48 31 N 123 25 W
8071 Witteveen Netherlands Netherlands 54.1 91.2 52 49 N 6 40 E
B269 Weston USA USA 53.9 357.1 42 23 N 71 19 w
8044 Hel Poland Poland 53.4 103.7 54 36 N 18 49 E
A121 Srednikan USSR USSR 53.1 210.6 62 26 N 152 19 E
8014 Borok USSR USSR 53.0 123.2 58 02 N 38 58 E
8106 Gottii.gen German Fed R German Fed R 52.3 93.7 51 32 N 9 58 E
8095 Niemegk German De" R Gennan Oem R 52.2 96.6 52 04 N 12 41 F
8132 Manhay Belginum Belgium 52.0 88.9 50 18 N 5 41 E
0136 Dourbes Belqium Belgium 52.0 87.7 50 06 N 4 36 E
8261 Casper USA USA 51.5 314.5 42 51 N 106 I W
8325 Collm German Dem R German Dem R 51.5 96.5 51 19 N 13 00 0

Minsk USSR USSR 51.5 110.4 54 06 N 26 31 E
A124 Yakutsk USSR USSR 51.0 193.8 62 01 N 129 43 E
8035 Moscow USSR USSR £0.9 120.6 55 29 N 37 19 E
B089 Swider Poland Poland 50.6 104.6 52 07 N 21 15 E
8161 Chambon-la-Fore'. France France 50.5 84.4 48 01 N 2 16 E

Nantes France rrsnce CO.s ,-. 47 i5 N I j W
BIUt Belsk Poland PolanJ 50.4 104,0 5! 50 N 20 48 E
8143 Pruhonice Czechoslovakia Czechoslovakia 49.9 91.3 49 59 N 14 33 E
8269 Carrollton USA USA 49.6 330.4 39 22 N 93 28 W
8318 Fredericksburg USA USA 49.6 349.8 38 12 N 77 22 W
8182 Garchy France France 49.6 84.9 47 18 N 3 06 c
B028 Kazan USSR USSR 49.3 130.4 55 50 N 48 51E
8137 Raciborz Poland Poland 49.3 160.8 50 05 N 18 11 F
8012 Belolt USA USA 49.2 324.9 39 2N N 98 08 w
8328 Budkov Czechoslovakia Czechoslovakia 49.1 96.4 49 04 N 14 01F
8295 Boulder USA USA 49.0 316.5 40 08 N l05 14 W
8163 Furstenfeldbruck Genian Fed R German Fed R 48.8 03.3 48 10 N 11 17 E

Regensburg Switzerland Switzerlanl 48.7 90.3 47 29 N 8 27 E
B054 Shatsk USSR USSR 48,7 123.7 53 69 N 41 51 E
8019 Sverdlovsk USSR USSR 48.5 140.7 56 44 N 61 04 E
,401 Burlington USA USA 48.5 320.1 39 17 N 102 16 w
B145 Lvov USSR USSR 48.0 105.9 49 54 N 23 45 E
8305 Leadville USA USA 48.0 31S.5 39 17 N 106 17 W
8162 Wien-Kohenz' Austria Austria 47.9 9A.? 48 16 N 16 19 E
8440 Price USA USA 47.7 310.3 39 37 - itu 41 W
a1SU Kiev USSR USSR 47.6 112.2 50 43 N 30 18 E
BlO0 Adak Aleutian I USA 47.2 240.0 51 52 N 176 39 W
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Table 11-12. Llst of Geomagnetic Observatories (contd.)

Geomagnetic Ceograohic
CSAGI Lat. long. Let. Lonu.

No. Observatory Location Sponsor (1) (° (N ') ( i)

8168 Nagycenk Hungary Hungary 47.2 98.3 47 38 N 16 43 (
8172 Hurbanovo Czechoslovakia Czechoslovakia 47.? 99.8 47 52 N 18 11 E
8232 Caste1 Tesino Italy Italy 46.7 92.8 46 03 Ii 11 39 E
8191 Tilhany Hungary Hungary 46.3 99.1 46 54 N 17 54 t
8267 Logrono Spatin Spalr 46.1 77.2 42 27 N 2 30 w
8022 lomsk USSR USSR 45.9 159.6 66 28 N 84 66 E
8236 Monte Capellino Italy Italy 45.8 89.5 44 33 N 8 57 E
8280 Roburant Italy Italy 45.8 88.4 44 18 N4 7 53 E
8239 Castellacclo Italy Italy 45.7 89.4 44 26 N 8 56 E
B321 San Miguel Azores I Portugal 45.6 50.9 37 46 N 25 39 W
C329 Baja Hungary Hungary 45.4 99.9 46 11 N 19 00 E
C093 Coimbra Poitugal Portugal 45.0 7A.3 40 13 N 8 25 w

Jassy Rumania Rumania 44.7 10d.2 47 11 N 27 3 E
C001 Petropavlovsk USSR USSR 44.7 218.6 53 06 N 158 38 E
C406 Espanola USA USA 44.6 316.6 35 49 N 106 04 W
C086 Det Ebro Spain Spain 43.9 79.7 40 49 N 0 30 E
C098 Toledo Spain Spain 43.9 74.7 39 53 N 4 03 W
C018 Odessa USSR USSR 43.7 111.1 46 47 N 30 53 E
C028 Grocka Yugoslavia Yugoslavia 43,6 100.9 44 38 N 20 46 E

Castle Rock USA USA 43.5 298.6 37 14 N 122 08 W
C405 Dallas USA USA 43.0 327.7 32 59 N 96 45 W
C063 L'Aqulla Italy Italy 42.9 92.9 42 23 N 13 19 E
COOS La Maooalena Italy Italy 42.5 88.7 41 14 N 9 24 E
C215 Syrlarl Runanla Rumania 42.5 106.1 44 41 N 26 1S E
C082 Ponza Italy Italy 41.5 92.1 40 55 N 12 57 E
C026 Simfaropol USSR USSR 41.2 113.3 44 50 N 34 04 1
C360 Aloushta USSR USSR 41.0 113.6 44 41 N 34 25 E
0143 San Fernando Spain Spain 41.0 71.3 36 28 N 6 12 w
C078 Capri Italy Italy 40.9 93.2 40 33 N 14 13 C
C059 Panagyurlshte Bulgaria Ru;garia 40.8 103.4 42 31 N 24 11 E
8102 Irkutsk USSR USSR 40.7 174.8 52 10 N 104 27 E
C137 Almeria Spain Spain 40.6 75.3 36 51 N 2 28 W
C236 Tucson USA USA 40.4 312.2 .2 15 N 110 50 W
C124 Gibilmanna Italy Italy 35.5 92.2 37 59 N 14 n1 S

Vaend'Il Iulwk•v Turkey 38.5 107.4 41 04 N 29 04 C
C016 Yuzhno-Sakhalinsk USSR USSR 36.9 206.7 46 57 N 142 43 C
C364 TbilIsi USSR USSR 36.7 122.1 42 05 N 44 42 f
C133 Pendeli Greece Greece 36.6 101.5 38 03 N 23 52 E
C439 Ulan Bator Mongolia Mongolia 36.4 176.5 47 51 N 106 45 E
C264 Tenerife Canary I Spain 35.0 58.6 28 29 N 16 17 W
C425 Centro Geofisico Cuba Cuba 34.1 345.3 22 58 N 82 09 W
C034 Mewambetsu Japan Japan 34.0 208.4 43 54 N 144 12 E
C050 Alma Ate USSR USSR 33.4 150.7 43 15 N 76 55 E
C051 Vladivostock USSR USSR 32.8 198.1 43 41 N 132 10 E
C361 Tashkent USSR USSR 32.3 144.0 41 20 N 69 37 E
C126 Ashkhabad USSR USSR 30.5 13%.1 37 57 N 58 06 E
C416 Ksara Lebanon Lebanon 30.2 111.7 33 49 N 3b 53 E
(300 San Juan Puerto Rico USA 29.6 3.1 18 07 N 66 09 W
C287 Teoloyucan Mexico Mexico 29.6 327.0 19 45 N 99 11 W
C163 Tehran Iran Iran 29.4 126.5 35 44 N 51 23 E
C339 Nitsanim Israel Israel 28.4 110.0 31 44 N 34 36 E
C117 Onagawa Japan Japan 28.3 206.8 38 26 N 141 28 E
C256 Helwan UAR UAR 27.2 106.4 29 52 N 31 20 E
(?1Q misallat uA R UAK 26.9 105.9 29 31 N 30 54 E
C069 Seoul Rep of Korea Rep Of Korea 26.5 194.2 37 35 N 127 03 0

-



108

Table 11-12. List of Geomagnetic Observatories (contd.)

Geonaqnetl c Geographic
CSAGI Lat. Long. Let. Long.
No. Observatory Location Sponsor (1 ) ) (o ,) (,

C170 Gilgit fakistan Pakistan 26.4 147.3 35 55 N 74 18 t
C147 Kakioka Japsa Japan 26.0 286.0 36 14 N 140 11 (
C273 Tamanrasset Algeria Alqeria 25.4 79.6 22 48 N 5 37 2

Kanozan Janan Jaann 25.0 205.9 35 15 N 139 5e F
(743 Midway Midway I USA 24.1 246.3 28 13 N 177 22 W
C214 Simosato Japan Japan 23.0 202.4 33 34 N 135 56 F
C220 Hachljojima Japan Japan 22.9 206.0 33 08 N 139 48 E
C223 Aso Japan Japan 22.0 198.1 32 53 N 131 01 f

Araira Venezuela Venezuela 21.9 2.7 10 27 N 66 29 W
C251 Quetta Pakistan Pakistan 21.6 139.7 30 11 N 66 57 F
C311 M'Bour Seneoal Senegal 71.3 55.0 14 24 N 16 5F W
C277 Honolulu Hawaiian I USA 21.1 766.5 21 19 N 158 00 W
C250 Sabhawala India India 20.5 149.7 30 20 N 77 48 E
C24S Kancyi Japan Japan 20.5 198.1 31 25 N 130 53 (
E575 Paramaribo Surinam Netherlands 17.0 14.3 S 49 N 55 13 W
E578 Fuquene Colombia Colombia 16.9 355,1 5 28 N 73 44 w
£532 Sokoto Niqeria Nigeria 15.9 77.1 13 03 N 5 15 E
F558 Freetown Sierra Leone Sierra Leone 14.8 57.8 8 28 N 13 13 W
£488 Lunpinq Rep of Ctina Rep of China 13.7 189.5 25 00 N 121 10 E
E485 Zaria hiqerni Nigeria 13.6 79.1 11 09 N 7 39 E
[597 Kontagora Nigeria Nneria 13.3 76.8 10 24 N 5 27 F
E525 Chittagong Pakistan Pakistan 11.4 161.9 22 21 N 91 49 F
E$28 Che-Pa Vietnam Vietnam 10.9 173.3 22 21 N 103 50 !
E(1 Ibadan Nioeria Niaeria 10.7 74.7 7 26 N 3 54 E
E590 Tatuocs Brazil Brazil 9.6 70.8 1 12 S 48 31 W
E472 Legon Ghana Ghana 9.6 70.2 5 38 N 0 11 W
E538 Alibao India India 9.5 143.6 10 38 N 72 52 E
E542 Hyderabad India India 7.6 148.9 17 25 N 78 33 E
£593 Talara Peru Peru-USA 6.6 347.7 4 38 5 81 18 W
E586 Moca Fernando Poo Soaln t,7 78.6 3 21 N A 40 E
£568 Addis Abeba Ethiopia Ethiopia 5.4 109.2 9 02 N 38 46 £
£574 Palmyra Island Palmyra I USA 5.2 265.8 553 N 162 05 W
£547 Baguic Philippine R Philippine Rep 5.1 189.2 16 25 N 120 36 E
£583 Bangul Cent Air Rep Centrfl AMr Rep 4.n 0,.5 4 26 N 16 34 t
t595 Chiclayo Peru Peru-USA 4.5 349.2 6 48 S 79 48 W
E556 Guam Mariana I USA 4.0 212.9 13 35 N 144 52 C
F585 Fanning Island Gilbert-E I UK-USA 3.7 268.8 3 54 N 159 23 W
£553 Muntinlupa Philippine A Philippine Rep 3.0 189.7 14 2.' N 121 01 E
E596 Chinbote Peru Peru-USA 2.2 350.5 9 Of S 78 36 W
E562 Annamalainagar India India 1.5 149.4 11 24 N 79 41 E
(561 Majuro Marshall I USA 1.3 239.6 7 05 N 171 23 E
E566 Kodaikanal India India 0.6 147.1 10 14 N 77 28 E
E611 Bunda Conoo Crrco -0.3 99.3 1 32 N 30 11 E
(618 Jarvis Island Jarwis I USA -0.6 269.1 0 23 S 160 02 W
(646 HuancayO Peru Peru -0.6 353.8 12 03 S 75 20 w

Cebu Philippine R Philippine Rep -0.9 192.7 10 18 N 123 54 E
(603 Trivandrum India India -1.1 146.4 8 29 N 76 57 E
£651 Cuzco Peru Peru -2.1 357.1 13 S2 S 71 58 W
£631 Binza Congo Congo -3.1 83.6 4 16 5 15 2? E
E606 Koror Palau I USA -3.2 203.3 7 20 N 134 30 £
E624 Lwiro Conqo Conoo -3.8 97.2 2 15 S 28 48 E

Davao Philippine R Philippine Rep -4.1 194.5 7 05 N 125 35 E
(740 Yauca Peru Peru-USA -4.1 354.5 15 32 S 74 40 w
tbZl Nairobi Kenya Kenya -4.4 105.3 1 19 S 36 49 E
E666 Areqtipa Peru Peru -5.0 357.6 16 28 S 71 29 W
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Table 11-12. List of Geomagnetic Observatories (contd.)

Getmeanet ic Geographi c
CSAGI Let. Lanq. Lat. Long.No. Observatory Location Sponsor (1) () (* ) (V *)

E676 Sante Cruz Bolivia Bolivia -6.4 5.5 17 48 S 63 10 W
fu

4
0 Luanda Angola Portugal -7.2 80.6 8 SS S 13 10 E

E702 La Quiaca Argentino Argentina .10.6 3.2 22 06 S 66 36
E629 Vassoures Brazil Brazil -11.9 23.9 22 24 S 43 39 W
E625 Hollandla 0 New Guhra Indonesia -12.5 210.3 2 34 S 140 31 E
E644 Elitabethvll1e Congo CondO -12.7 94.0 11 38 S 27 25 1
1672 Tahiti Society I France -15.3 282.7 17 33 S 149 37 W
E653 Apia Samoal Western Samoa -16.1 260.2 13 48 S 171 47 W
E634 Kuyper Indonesia Indonesia -17.5 175.6 6 02 S 106 44 1

Tanserang Indonesia Indonesia -17.6 175.4 6 10 S 106 38 C
E712 Easter Island Easter I Chile -1P.2 322.6 27 10 S 109 25 W
E586 Tsimb SW Africa German Fed Rep -18.2 82.8 19 13 S 17 42 E
E542 Port Moresby Now Guinea Australia -18.6 217.9 9 24 $ 147 09 E
C932 Pilar Argentina Argetitino -20.2 4.6 31 40 S 63 53 W
C901 Tananarive Malagasy Rep Malso-sy Rep -23.7 112.6 18 55 S 47 33 E
C982 Las Acacias Argentina Argentina -23.7 10.1 35 OG S 37 41 W

Mauritius Indian Ocean United Kingdom -26.6 124.4 20 06 S 57 33 E
C899 Plaisance Indian Ocean United Kingdom -27.0 122.5 20 26 S S7 40 E
C914 Lourenco Marques Mozambique Portugal -27.1 95.8 25 65 S 32 35 E
C988 Trelew Argentina Argentine -31.8 3.2 43 15 S 65 19 W
C957 Hermanus Rep S Africa Rep S Africa -33.3 80.5 34 25 S 19 14 E
C838 Gough Island Gough I Rap 5 Africa .33.8 51.9 40 21 S 9 63 W
C918 Brisbane Austral1a Australia -35.8 226.9 27 32 S 152 55 (
C925 Watheroo Australia Australia -41.8 185.? 30 19 S 115 53 E
C993 Gnangara Australia Australia -43.2 185.8 31 47 S 115 57 (
8966 Toolangi Australia Australia -46.7 220.8 37 32 S 145 28 E
8979 Amberley New Zealand New Zealand -47.7 252.5 43 09 S 172 43 E
8996 Marion Island Marion I Rep S Africa -49.0 94,3 46 51 S 37 52 E
A962 Orcadas Del Sur Orcadas Argentina -50.0 11.2 60 44 S 44 47 V

G Gonzales Videla Antarctica Chile -53.4 4,4 64 49 S 62 51 w
A973 Argentine Islands Antarctica United Kingdm -53.8 3.4 65 15 S 64 16 W
8998 Port-aux-Franceis Indian Ocean France -57.3 lB.,O 49 21 S 70 1-* E
AG1 1*6 4uarie island Antarctica Australia .61.1 241.1 64 30 S 158 57 E
A987 Senap Station Antarctica Rep S Africa -63.6 44.2 70 18 S 2 21 w
A987 Norway Station Antarctica Norway -63.8 43.9 70 30 S 2 32 W
A952 Eights Antarctica USA -63.8 355.3 75 14 S 77 10 U
A989 Halley Say Antarctica United Kingdom -65.8 24.3 75 31 S 26 37 U
A951 Novolazarevskaya Antarctica USSR -66.2 53.6 70 46 S 11 49 E
A994 General Belgrono Atotarctica Arentina -67.3 15.8 71 58 S 38 48 U
A986 Roi Baudouin Antarctica BelqIt -68.0 63.2 70 26 S 24 18 E
A984 $yowa Base Antarctica Japan -69.7 77.7 69 00 S 39 35 E
A997 Byrd Antarctica USA -70.6 3.36.3 80 00 S 119 30 W
A980 Mawsun Antarctica Australia -73.1 102.9 67 36 5 62 53 E
A995 Little America Antarctica USA -74.0 312.0 78 11 S 162 12 W
A988 Cape Hallett Antarctica New Zealand-US -74.7 278.2 72 19 5 170 13 E
A979 Dumont D'Urville Antarctica France -75.7 230.8 66 40 S 140 00 E
A978 Nirny Antarctica USSR 77.0 146.8 66 33 5 93 01 E

Plateau Antarctica USA -77.2 52.5 79 15 5 40 30 E
A976 Oasis Antarctica USSR -77.5 160.7 66 18 5 )10 43 E
A977 Wilkes Antarctica Australia-USA -77.7 179.2 66 15 5 110 3S E
A999 South Pole Antarctica USA -7'r6 0.3 9S $7 13 19 W
A98" Clat .ut Antarctica France -78.3 234.5 69 273 139 01 E
A991 Scott Base Antarctica New Zealand -79.0 294.4 77 51 5 166 47 E
A959 Pionerskaya Antarctica USSR -80.3 146.5 69 44 1 95 30 E
A996 Vostok Antarctica USSR -89.2 91.4 78 27 S 106 52 C
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11.8.2 Data Centers

Extensive holdings of magnetic-field data are available from two data centers

in the United States:

World Data Center A (WDC-A)
for Solar-Terrestrial Physics
National Oceanic and Atmospheric Administratioz.
Boulder, Colorado 80302
Telephone: 303-499-1000 Extension 6467
(at Rockville, Maryland, prior to 1972)

National Space Science Data Center (NSSDC)
Code 601.4
Goddard Space Flight Center
Greenbelt, Maryland 20771
Telephone: 301-982-6695

Data catalogs of their holdings are available; data (from many observatories) include

normal-speed and rapid-run magnetograms, 2.5-minute digitizations, tabulation of

mean values (hourly, monthly, and annual) of the field element-;. files of magnetic-

survey data, processed data from satellite experiments, and various other items.

Others of the World Data Centers also are of interest to geumagnetism. They

are organized into WDC-A (subcenters in the U. S.A., including the one listed

above), WDC-B (subcerters in the U. S. S. R., including one for solar-terrestrial

physics at TZMIRAN, Moscow), and WDC-C (20 subcenters in Europe. Japan, and

India). Also, some sixteen of the Permanent Services of the International Council

of Scientific Unions are of interest. A listing of all of thes . with addresses, is

given in STP Notes, No. 6 (October, 1969).

11.6.3 Field Mleasuremnents in Space

A "Catalog of Spacecraft and Experiments rielated to Solar-Terrestrial

Physics", prepared by the NSSDC in April 1970. was inrluded in STP Notes, No. 7

(May, 1970); it has not been revised and re-issued. Active and planned spacecraft

for the period 1962-1975 are included. A brief description and a reference for each

experiment are given; not all spacecraft include magnetic-field measurements.

Table 11-13 reproduces. the list of spacecraft with their status on I st April, 1970.

11.8.4 ELF and VLF Measurements in Space

A tabulaticn of ELF and VLF experiments with appropriate references has been

given by Russell, et al (1972]. A condensed version is given in Table 11 -14. For

details and references, refer to the original.
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Table 11-13. Spacecraft Carrying Experiments Related to Solar-
Terrestrial Physics, as Cataloged in April 1970 [see text]

Active Spacecraft Planned Snacecraft
Spacecraft International Spacecraft Planned Year

Name Deslqnatlt: Name of launch

Alouette 1 62-049A RAE-B 1972
Explorer 27, BE-C 65-032A SSS-A 1970
Alouette 2 65-098A IMP-I (I) 1970
Pioneer 6 65-1OSA NIMBUS-O 1970
PIoneer 7 66-075A ISIS-B 1971
ATS-1 66-IIOA OSO-H 1971
VELA-4A 67-040A SAN MARCO C 1970
VELA-4B 67-0408 Apnolo 13. ALSEP 1970
Explorer 35, AIMP-2 67-070A VELA 6A 1970
ATS-3 67-11lA VELA 6B 1970
Pioneer 8 67-123A SOLRAD-1O 1970
OGO-5 68-014A MAGNETIC STORM
Explorer 37, Solrad 9 68-017A SATELLITE 1971
ESRO 2. IRIS 68-041A Apollo 14, ALSEP 1970
Explorer 38, RAE-I 68-OSSA MARINER-H, MARS-71 1971
Explorer 39, AD-C 68-066A MARINER-I (1)
Explorer 40, Injun 5 68-066B MARS-71 1971
ESRO 1, Aurorae 69-084A UK 4 1971
Pioneer 9 68-IbOA IMP-H 1972
HEOS-Al 68-102A HEOS A2 1972
OSO-5 69-006A ATS-F 1972
ISIS-I 69-009A NIMBUS-E 1972
ESSA-9 69-016A GRS-A2, AEROS 1972
OVI-18 c9-azss IMP-J 1973
OVI-19 69-025C Pioneer F 1972
NIMBUS 3 69-037A NIMBUS F 1973
0V5-5 69-046A OSO I (1) 1973
OV5-6 69-046B VIKING A 1975
VELA-SA 69-046D Pioneer G 1973
VELA-5B 69-046E HELIOS A 1974
OGO-6 69-051A HELlOS 8 1975
Explorer 41, IMP-5 69-053A
OSO-6 69-068A
ATS-5 69-069A
GRS-A, AZUR 69-097A
Apollo 12, ALSEP 69-099A
ITOS-1 70-008A

11.8.5 Research Publications

Results, summaries, and reviews of experimental and theoretical research in

geomagnetism are published principally in the following journals or series of re-
ports (listed alphabetically):

Geomagnetism and Aeronomy, the English edition of a Russian journal, produced

bimonthly by Scripta Technica, Inc.. under the Russian Translation program
of the American Geophysical Union, 2100 Pennsylvania Ave., N. W.,

Washington, D. C. 20037.

IAGA Bulletins. issued by the International Association of Geomagnetism and Aero-

nomy, IU.G Publications Office, 39 ter, rue Gay-Lussac. Paris (V) France.
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Table 11-14. Spacecraft Carrying ELF and VLF Experiments a! Cataloged
by Russell et al [see text]

Altitude FreQuency
Spacecraft Launch Coverage Type of Coverane

Name Date (km or Re) Antenna (kHz)

Alouette 1 Sep 1962 1000 Dipole 0.6-10.0

Alouette 2 Nov 1965 500-3000 Dipole .05-30.0

ISIS I Jan 1969 575-3500 Dipole .05-30.0

Injun 3 Dec 1962 24C-2800 Loop 0.5-8.8

Injun 5 Aug 1968 680-2500 Dipole .03-105
Loon .03-10

P-il Aug 1964 270-3700 Oinole 1.7-14.5

OGO 1 Sep 1964 1.05-24.1 3-axis Search Coil .00001-0.80
Loon 0.2-100

OGO 2 Oct 1965 400-1500 3-axis Search Coil .00001-1.0
Loon 0.2-100
Dipole 0.5-18

OGO 3 Jun 1966 1.05-20.2 Same as OGO 1 nlus the followino:
Loon .015-0.300
Dipole .015-100

OGO 4 Jul 1967 400-900 Same as OGO 2 olus the following:
Loop .015-0.300
Dipole .015-100

GO 5 Mar 1968 1.05-24.1 3-axis Search Coil .00001-1.0
Dipole 0.2.70
3-axis Loop 0.56-70

GO 6 Jun 1969 400-1100 3-axis Search Coil .00001-1.0
Dipole .01.400
3-axis Loon .02-32.0_
Dipolc .02-32.0

OV3 3 Aug 1966 350-4500 Dipole .02-7.35
S Coil and Dipole 0.4-14.5

OVI 10 Dec 1966 647-777 Dipole .01-1.5

Ariel 3 May 1967 500-600 Loop 3.2-16.0

Journal of Geomagnetism and Geoelectricity, published quarterly by the Society of

Terrestrial Magnetism and Electricity, Geophysical Institute, University of

Tokyo, Tokyo, Japan.

Journal of Geophysical Research, publish, d three times a month by the American

Geophysical Union, 2901 Byrdhill Rd., Richmond, Va. 23228.

Nature, published weekly by MacMillan Journals, Ltd., 4 Little Essex St., London

WC2R 3LF. England.
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Planetary and Space Science, published monthly by Pergamon Press, Ltd., Head-
ington Hill Hall, Oxford OX3 OB W. England.

Reviews of Geophysics and Space Physics, published quarterly by the American

Geophysical Union, 2901 Byrdhill Rd., Richmond, Va. 23228,
Science, published weekly by the American Association for the Advancement of

Science, 1515 Massachusetts Ave., N.W.. Washington, D.C. 20005.

Space Science Reviews, published monthly by D. Reidel Publishing Co., P. 0. Box
17, Dordrecht- Holland, The Netherlands.

X-series reports, unpublished, issued by Goddard Space Flight Center, Greenbelt,

Md. 20771.

11.8.6 Listings of Data Sources

Correlative data available at the National Space Science Data Center (NSSDC),

at other centers, and in readily accessible publications are listed in the "Handbook

of Correlative Data", issued by the NSSDC.
An extensive listing of data sources isprovidnd in Annals of the IQSY. Volume 1.
Another listing of data sources is given in Appendix A of Geophysics and Space

Data Bulletin, Volume IV. No. 2. (1967), published by Air Force Cambridge Re-

search Laboratories, Bedford, Mass., 01730.

11.8.7 Gauu-Schmidt Conversion

Spherical-harmonic coefficients for the geomagnetic field which have Gaussian

normalization ma) be converted to Schmidt normalization using the values of q

listed in Table 11-15, (Gauss coefficient)nm X q = (Schmidt coefficient)rim.

11.8.8 Sources of Field Models

The National Space Science Data Center (NSSDC) has available:

1. Coefficients, for use with geodetic coordinates, on card decks, of the GSFC

(12/66), POGO (10/68), POGO (8/69), and IGRF 1965. 0 field models.
2. (oefficients, for use with geomagnetic dipolar coordinates, on a card deck, of

the IGRF 1965. 0 field model.

3. A FORTRAN program, on a card deck, to compute the field at any point in space.
4. A FORTRAN program, on a card deck, to compute the B-L coordinates of any

point in space, for a given field model.
5. A FORTRAN program, on a card deck, to trace out field lines for a given field

model.

6. Coefficients, on card deKics, of the field model with external sources derivedby

O son.
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Table 11-15. Gauss-Schmidt Conversion Factors

n ml q ii M q n " q

0 0 1.00000 6 0 0.069264 9 0 0.0105307
1 a 1.00000 6 1 0.052901 9 1 0.0078491!1 0 1.0000 6 2 0.06691E 9 2 0.0092039
1 1 1.00 6 3 0.100373 9 3 0.0120507
2 0 0.66667 6 4 0.183256 9 4 0.0177381
2 1 0.57735 6 5 0.42977 9 5 0.029682
2 2 '.15470 6 6 1.48878 9 6 0.057478

9 7 U.1327403 0 0.40000 7 0 0.037296 9 7 0.13270
3 1 0.32660 7 1 0.028193 9 9 1.64190
3 2 0.51640 7 2 0.034529
3 3 1.26491 7 3 0.048832 10 0 0.0055424

7 4 0.080979 10 1 0.0041104
4 0.22897 7 5 0.161957 10 2 0.0047463
4 1 0.180702 7 6 0.41291 10 3 0.00605034 2 0.25555 7 7 1.54498 10 4 0.0095565

4 3 0.47809 1 .1584 4 1.35225 8 0 0.0198912 10 5 0.0135289
5 0 0.126984 8 1 0.0149184 10 6 0.044201
5 1 0.098361 8 2 0.0178309 10 7 0.049892
5 2 0.130120 3 0.024143 10 8 0.122211
5 2 0.13042 8 4 0.037402 10 9 0.37668
5 3 0.21249 8 5 0.067428 10 10 1.68456
5 4 0.42507 8 6 0.145662
5 5 1.42539 8 7 0.39891

8 8 1.59564

7. A program, on a card deck, to compute the field .4 any paint for theOlson

model.

The World Data Center A (Boulder) additionally has available, on a card deck,

the 168 coefficients of Lhe World Magnetic Chrtrts of 1970. This model is computed

frn.n ground-based data and is used for the charts issued every five years by the

United States Coast and Geodetic Survey.

11.0.9 Svurces of Activity Indices and Uhara'

At leaat one source is given here for each of the indices and charts described

in Section 11. 6. 6, in the oi-der In which they were discussed. The following abbre-

viations are used:

Organizations
AFCRL Air Force Cambridge Research Laboratories, L. G. Hanscom

Field. Bedford, Mass. 01730, U.S.A.

EDS-NOAA Environmental Data Sernice, National Oceanic and Atmospheric
Administration, Boulder, Colo. 80302, U.S.A.

ESRO European Space Research Crganizaticn.
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IACsrA Interdisciplinary Analysis Center for Solar-Terrestrial Activity,
University of Tokyo, Tokyo. Japan.

IAGA International Association of Geomagnetism and Aeronomy. IUGG
Publication Office, 39 ter, rue Gay-Lussac, Paris (V) France.

ISGI International Service of Geomagnetic Indices, 1 (DeBit): Royal
Netherlands Meteorological Institute, DeBilt, The Netherlands.
2 (Gittingen): Institut fGr Geophysik, 34 GSttingen, W. Germany.

IUCSTP Inter-Union Commission on Solar-Terrestrial Physics.
Secretariat: c/o National Academy of Sciences, 21131 Constitution
Ave., N.W., Wast-ington, D.C. 20418, U.S.A.

NSSDC National Space Science Data Center, Code 601. 4. Goddard Space
Flight Center, Greenbelt, Md. 20771, U.S.A.

SDFC-NOAA Space Disturbance Forecast Center, National Oceanic and Atmos-
pheric Administration, Boulder, Colo. 80302, U. S. A.

WDC-A World Data Center A for Solar-Terrestrial Physics, National
Oceanic and Atmospheric Administration, Boulder, Colo. 80302.
U. S.A. (formerly at Rockville, Md.)

Publications

CDSTP Catalog of Data on Solar-Terrestrial Physics, issued by WDC-A.

GSDB Geophysics and Space Data Bulletin, issued quarterly by AFCRL.

HGSE-65 Handbook of Geophysics and Space Environments. 1965 edition.
S. L. Valley, ed., AFCRKL, McGraw-Hill Book Co., New York.

IAGA-12 1AGA Bulletin No. 12. a series, issued yearly, entitled "Geomag-
nctic Data (Year) Indices K and C, hapid Variations". published by
North-Holland Publishing Co., Amstercam, The Netherlands.

IAGA-18 IAGA Bulletin No. 18. a single volume, published by North-Holland
Pishing 7Co. , Amsterdam, The Netherlands.

JGR Journal of Geophysical Research, published by the American Geo-
physical Union, 2901 Jyrdhill Rd., Richmond, Va. 23228, U.S.A,

SGD Solar-Geophysical Data, issued monthly by EDS-NOAA.
STP STP Notes, a numbered series issued occasionally by IUCSTP.

TBGIRV Three-monthly Bulletin of Geomagnetic Indices and Rapid Variations,
isu-ed by IAGA and distributed by ISGI (DeBilt).

The K index
WDC-A has K valves since 1957 for many observatories on microfilm and

issues a catalog which lists availability of these.
IAGA-12 lists K values for the third year prior to publication.

JGR listed KFR for the month prior to publication between 1957 and 1959.

SDFC lists KEI currently in its "Preliminary Report and Forecast of Solar
Geophysical Activitl".

The Kp index

SGD lists Kp values for the second month prior to publication.

TBGIRV contains Kp values for the 3-month interval about 8 months prior to
publication.
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IAGA- 12 lists Kp for the 3 years prior to publication.

IAGA-18 lists Kp for the period 1932 to 1961.

JGR listed Kp for the 5th month prior to publication for the period 1951-1968
and has resumed publishing it in 1971.

HGSE-65 lists monthly means of Kp for 1932 to 19R3 and daily means fcr 1957
to 1963.

WDC-A and NSSDC both have available a computer tape made by ESRO con-
taining Kp values from 1932 to within one to three months of the currernt date.

GSDB currently lists Kp as supplied by ISGI.

See also "graphical presentations" listing.

The Kn. Ks, and Km indices
Mayaud, P. N. , "Indices Kn, Ke, et Kin, 1964-i967". Editions du Centre

National de Is. Recherche Scientlfique. 1968. lists numerical values for 1964-1967.

The ak and Ak indices

ak and Ak indices are not published regularly.

The ap and Ap indices
Among the sources listed for Kp, the ESRO tape at WDC-A and NSSDC, IAGA-

12 and IAGA-18 contain ap for the same periods for which Kp is given.
Of the sources listed for Kp, all provide Ap as well. except for TBGIRV.

The C index

IAGA-12 lists C values for the third year prior to publication.

The Ci index
HGSE-65 lists monthly and annual means of Ci for the period 1884-1964 and

daily values for the period 1957-1963.
TBGIRV, SGD, JGR, and IAGA-12 all list daily values of Ci with the same

coverage as for Kp.

Terrest. Magn. Atmosph. Elec. 37, 42 (1932) lists Ci indices in 27-day re-
currence sequences for the period 190671931.

IAGA-12 lists monthly and annual means of Ci from 1900 to the third yearprior
to publication.

The Cp index

Of the sources listed for Kp, all p;ovtde Cp as well, except for TBGIRV.

The C9 index

Among the sources listed for Kp, the ESRO tape at WDC-A and NSSDC contain
values of C9 for the same period for which Kp is given.

SGD contains values of C9 from time to time, with intermittent coverage.

See also "graphical presentation" listing.

The Q index

WDC-A can provide the (Q index for those periods (since 1957) specified in its
CDSTP.
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The AE Index

WDC -A and NSSDC have 2. 5-minute AE values for the period 1964-1968 on a
computer tape, and hourly values for the period 1957-1964 on another tape. For
current additions, enquiry should be addressed to these centers. Tabulations and
graphical plots of these are also available on microfilm.

The Dat Index

Hourly Dst values for 1957-1970 have been re-evaluated and listed by Sugiura
and Poros in NASA/GFSC X-645-71-278. available from NSSDC. Earlier, Sugiura
et al had published Dst values as follows:

(1) for July 1957-December 1968: Ann. IGY 35. 9. Pergammon Press,
Oxford, 1964;

(2) forl961-1963: NASA Technical Note TN D-4047. August 1967;

(3) for 1964-1967 NASA Technical Note D-5748, May 1970;

(4) for 1968: NASA Technical Note D-6278. March 1971;

(5) for 1969: NASA/GFSC X-645-70-345, 1970; and
(6) for early 1970: NASA/GFSC X-645-70-405, 1970.

These documents are available from NSSDC.
WDC-A and NSSDC have the Dst values of Sugiura et al available on a computer

tape.

The U, u, Ul, and A indices

Terr. Magn. Atmos. Elec. 37. 9 (1932) lists monthly and annual means of U
for 1872-1930, annual means of u for 1835-1871, and monthly and annual rr.eans of
uI for 1872-1930.

Terr. Mngn. Atmos. Elcc. 51, 76 (1946) lists monthly means of u for 1940-
194 5.

Landolt-Bbrnstein, Zahlenwerte und Funktionen, Band 3. Astronomie und
-Geophysik, p. 871, Springer-Verlag. Berlin (1952) lists monthly means of U or
1872-1949.

HGSE-65 lists monthly and annual means of U for 1872-1949.

HGSE-65 lists the daily values and monthly and annual means of _H1 for
Huancayo. Peru, for the period 1933-1944.

The W measure

Terr. Mayi. Atmos. Elec. 51. 184 (1946) listE monthly means of W for the
period 92U- I939.

Landolt-B5rnsiein. Zahlenwerte und -unktionen, Band 3, Astronomie und
Geophysik. p. 752. Springer-Verlag, Berlin (1952). lists two-monthly means of W
for the period 1922-1947.

Graphical presentations
ISGI (Gottingen) distributes the graphical plots (27-day recurrence sequences)

of Kp and C9 shown in Figures 11-53 and 11-54. GSDB currently reproduces the
Kp plots supplied by ISGI.

IACSTA prepares and distributes the Solar Terrestrial Activity Charts shown
in Figures 11-55 and 11-56. These are currently being reproduced in STP from
time to time as they become available.
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